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ABSTRACT 
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The  work  reported  arises  from  two  needs:  (1J  a  general  need  for 
further  development  of  techniques  for  investigating  che  linear,  surface- 
pyrolysis  of  solid  materials,  (2)  a  specific  need  for  resolving  cur¬ 
rent  disagreements  concerning  ammonium  perchlorate  (AP)  pyrolysis  at 
elevated  temperatures  and  heating  rates.  New  linear-pyrolysis  data 
and  interpretations  for  AP  are  especially  necessary  because  of  the 
central  position  of  this  pyrolysis  process  in  models  of  composite- 
solid-propellant  deflagration. 

A  new  technique  for  investigating  the  linear,  surface  pyrolysis 
of  AP  is  reported  along  with  the  results  of  extensive  pyrolysis  test¬ 
ing.  The  technique  involves  both  convective  heating  of  AP  specimens 
by  an  impinging  jet  and  also  infrared  spectraradiometry  for  surface- 
temperature  measurement . 

The  test  method  is  shown  to  have  notable  advantages  over  earlier 
linear-pyrolysis  techniques  for  AP.  The  convective-heating  method 
provides  for  optical  pyrometry.  Beyond  this,  the  convective-heating 
technique  allows,  for  the  first  time  in  linear-pvrolysis  experiments, 
estimates  of  surface  partial  pressures  and  heat  flux.  Such  estimates 
have  been  impractical  with  prior  pyre lysis  techniques,  and  prior  lin¬ 
ear-pyrolysis  data  have  been  limited  to  regression  rate  (r)  vs.  surface 
temperature  (Tg)  relations. 

General  agreement  with  the  results  of  earlier  linear-pyrolysis 
experiments  is  reported,  though  these  experiments  have  involved  com¬ 
pletely  different  ("hot-plate")  techniques;  specific  discrepancies 
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are,  however,  noted  and  rationalized.  An  apparent  activation  energy 
of  about  22  kcal/mole  is  reported  for  AP  with  425°C  <  Tg  <  575°C 
and  with  0.002  cm/sec  £  r  0.04  cm/sec.  The  observed  activation  en¬ 
ergy  (Eg)  agrees  better  with  that  of  earlier  linear-pyrolvsis  data  than 
with  that  of  lower- temperature,  isothermal  pyrolysis  (sublimation.)  data. 

The  overall  mechanism  behind  the  observed  data  is  proposed  to  be 
nearly-unopposed  ("rate-controlled")  dissociative  sublimation  of  AP 
into  gaseous  NH^  and  HC10^.  The  present  results  and  the  proposed 
overall  mechanism  explain  apparently  anomalous  discontinuities  both  in 
the  present  data  and  in  earlier  hot-plate  pyrolysis  data.  However,  it 
is  recognized  that  the  details  of  the  mechanism  of  AP  pyrolysis  (such 
as  identification  of  the  reaction  step  which  apparently  controls  py¬ 
rolysis  rates)  probably  can  not  be  deduced  from  pyrolysis  results  a- 
lone. 

The  present  results  favor  interpretation  of  recent  isothermal  sub¬ 
limation  data  for  AP  as  deriving  from  a  diffusion-controlled  situation 
rather  than  from  the  rate-controlled  process  suggested  by  Jacobs  and 
Russell-Jones  (1968).  Guirao  and  Williams  (1969)  have  offered  such  a 
diffusion-controlled  interpretation  based  on  the  isothermal  data  per 
se,  but  the  relation  between  these  data  and  the  new  linear  pyrolysis 
data  strongly  reinforces  such  an  interpretation. 

Evidence  of  a  new  pyrolysis  regime  is  reported  for  r  >  0.04  cm/sec, 
though  more  intensive  study  is  proposed  for  this  regime.  Data  in  this 
regime  involve  increasing  pyrolysis  rates  with  little  or  no  change  in 
surface  brightness  temperature.  This  regime  is  speculated  to  involve 
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surface  structure  changes  which  are  related  to  the  structures  observed 
for  AP  deflagration.  The  nearlv-constant  surface  temperatures  deduced 
radiometrically  for  this  regime  are  close  to  the  temperatures  measured 
as  the  surface  of  deflagrating  single  crystals  of  AP  and  to  those 
estimated  for  the  melting  point  of  pure  AP. 
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characteristic  distance  for  diffusion 

effective  flame  stand-off  distance  (from  surface);  also 
thickness  of  emitting  gas-phase  layer 
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axisymmetric,  stagnation-point  flow 

dependent  variable  in  linear  regression 

outward-normal  distance  from  surface 
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non-dimensional  parameter  (  =  pc  D  /  L  m  ) 

o  b  VEC 

surface  emittance 

non-dimensional  distance  normal  to  pyrolyzing  surface; 
boundary- layer  similarity  parameter  (  =  y  /  y  ) 

non-dimensional  temperature  =  (T-T_)/(T_-T„) 
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angle  of  emitted  radiation  with  surface  normal 

spectral  absorption  coefficient 

wavelength 

dynamic  viscosity 

kinematic  viscosity 

mass  fraction 

"conserved"  property  (Spalding  (1963)) 

density  (without  subscript:  density  of  crystalline  AF  at 


non-dimensional  parameter  (  =  pQ/p,  ) 
Stefan -Boltzmann  constant 
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Subscripts 

j, 

value  for  regression  using  In  r/(Tg)  2  as  independent 
variable 
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variable 
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ambient  species 

local  condition  at  outer  edge  of  boundary  layer 
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flame  condition 
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CHAPTER  I  -  Iir^Orur^ION 

The  rorpose  of  this  chapter  is  to  suggest  the  reasons  for  the 
investigation  reported  here  and  the  context  in  vhich  it  was  carried 
out. 

I.  A  GENERAL  BACKGROUND 

The  combustion  of  a  great  variety  o^  solid  materials  involves  the 
gasification  of  the  solid  material,  and  its  consequent  reaction  in  the 
gas  or  vapor  phase.  Steady-state  solid  propellant  combustion  has  been 
demonstrated  to  include  solid  gasification  as  a  precursor  to  gas-phase 
reaction.  Similarly  ignition,  flame-spreading,  extinguishment,  and 
unstable  burning  of  solid  propellants  all  involve  intimately  a  conver¬ 
sion  oT  condensed-phase  reactants  into  gas-nhase  ones.  A  host  of 
other  practically  important  situations,  both  reactive  and  otherwise, 
also  include  the  gasification  of  solid  materials,  ^or  example,  fires 
involving  wood  and  wood  products,  the  burning  of  natural  and  synthetic 
textiles,  ablation  of  reentry  vehicle  nose  cones,  etc.  In  all  such 
situations,  solid  gasification  apnears  as  a  central  elemental,  process 
in  the  chain  of  phenomena  which  constitute  the  overall  nrocess  from 
unreacting  solid  to  gaseous  (and  •possibly  solid)  products  of  reaction. 

It  is  useful  to  abstract  the  process  of  solid  gasification  from 
the  variety  of  situations  in  which  it  occurs  and  to  investigate  it  as 
a  single,  connonent  process  independent  of  co-existing  flames  ard  other 
coupled  processes.  Fuch  isolation  of  gasification  from  more  complex 
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combustion  situations  not  only  makes  its  investigation  more  practical, 
it  appears  to  be  a  necessity.  Attempts  at  modeling  combustion  situa¬ 
tions  typically  require  explicit  accounting  for  the  nature  of  solid 
gasification  -per  se.  Furthermore ,  parametric  variations  are  more 
subject  to  control  in  pyrolysis  tests  than  in  combustion  situations. 

When  a  solid  gasifies  under  the  action  of  applied  heat,  the  pro- 

£ 

cess  is  commonly  termed  "pyrolysis"  ,  i.e.,  change  caused  by  heating. 
Thermal  decomposition  or  pyrolsis  of  solids  has  classically  been 
studied  chemically  by  measuring  the  evolution  of  gas  or  the  weight  loss 
of  solids  over  relatively  long  time  periods  (e.g.,  minutes  or  hours) 
with  the  solid  at  essentially  constant,  low  temperatures.  In  such 
"bulk  pyrolysis"  studies  (including  the  modem  techniques  of  differen¬ 
tial  thermal  analysis  (DTA)  and  differential  scanning  calorimetry 
(DSC)),  the  decomposing  specimen,  being  isothermal,  may  react  through¬ 
out  the  bulk  of  the  specimen,  and  reaction  products  may  then  diffuse 
to  the  surface.  The  temperatures  at  which  a  solid  may  be  studied  are 
limited  to  those  for  which  the  specimen  reacts  slowly  enough  to  remain 
essentially  isothermal  and  to  allov  pressure  rise,  weight  loss,  etc. 
to  be  followed  quasi-steadily.  In  contrast,  under  intense  heating,  a 
solid  specimen  may  react  in  a  thin  surface  layer.  In  this  layer  ele¬ 
vated  temperatures  (and  reaction  rates)  exist  but  most  of  the  solid  is - 
at  much  lower  temperature  and  may  not  be  reacting.  This  type  of  ther¬ 
mal  decomposition  due  to  intense  surface  heating  often  manifests  itself 

£ 

From  the  Greek:  "pyr"  =  fire;  "lyeln"  =  to  loosen,  to  destroy. 
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as  a  nacroscopically  regular  regression  of  the  exposed  surface  in  the 
direction  of  the  surface  normal.  Hence,  it  has  come  to  he  termed 
"linear  pyrolysis"  and  to  he  characterized  hy  the  rate  of  surface 
regression  during  pyrolysis. 

A  well-developed  example  of  linear  pyrolysis  and  the  subject  of 
the  present  study  is  the  pyrolysis  of  ammonium  perchlorate,  NH^CIO^ , 
often  termed  "AP".  AP  is  an  ionic,  crystalline  solid  produced  in  large 
quantities  commercially  by  reacting  NH^,  HC1,  and  NaClO^  (Schumaker 
(i960)).  It  is  capable  of  reacting  exothermally  into  gaseous  species 
which  are  useful  oxidizing  agents,  e.g.,  HCIO^,  Cl^,  HC1  and  0^.  It 
is  also  known  to  sublime  dissociatively  into  NH^  and  HCIO^  with  a  heat 
of  sublimation  of  about  58  kcal/mole  (Inami,  Posser,  and  Wise  (19^3 ) ) . 
The  pyrolysis  of  AP,  the  most  commonly  used  composite-solid-propellant 
oxidizer,  serves  the  vital  function  in  propellant  combustion  of  pro¬ 
viding  for  exothermic  oxidation  of  the  various  types  of  fuel-reactants 
with  which  it  is  mixed  in  the  solid  propellant,  e.g.,  thermoplastics, 
elastomers,  various  metals,  etc.  For  example,  two  of  the  most  common 
types  of  solid  propellants  are  heterogeneous  mixtures  o*'  a  polymerized 
matrix  of  polyurethane  or  polybutadiene  containing  small  (e.g.,  0.1 
mm-dia. )  particles  of  AP  and  metallic  additives. 

During  the  deflagration  of  heterogeneous  (or  "composite")  solid 
propellants,  the  regressing  propellant  surface  may  be  in  the  neighbor- 
hood  of  500°C  or  more  with  a  subsurface  temperature  gradient  of  lO*5 
to  10^  °K  /cm  and  a  regression  rate  of  0.1  to  more  than  1.0  cm  /sec 
(for  ambient  pressures  between  1  and  100  atm  ).  Under  these  conditions 
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the  gas  formation  processes  at  the  solid  t>ropellant  surface  ere  bound¬ 
ary  conditions  which  must  necessarily  be  embedded  in  an?/  realistic 
model  of  the  deflagration  mechanism. 

The  surface  conditions  cited  for  propellants  are  much  more  extreme 
than  those  which  can  be  sustained  in  classical  bulk  ryrol?/sis  experi¬ 
ments;  it  has  never  been  clear  how  satisfactorily  the  results  of  such 
experiments  can  be  applied  to  describing  the  behavior  of  AP  (or  Aiels) 
during  combustion.  Therefore,  starting  in  the  earl"  iP'iO's  propellant 
researchers  in  the  U.S.  began  studies  of  the  linear  pyrolysis  of  AP 
(Andersen  et  al.  (105?)}.  'T’hese  studies  were  attempts  to  measure  the 
relationship  between  the  linear  pyrolysis  rate,  r  ,  and  the  surface 
temperature,  T,,  ,  o  AP  during  pyrolysis.  These  results  have  always 
been  reported  in  terms  of  an  Arrhenius  expression: 

r  =  A  ny~'  (-Fr/J>?  )  or  BT„  ey-  (-^/rT  ) 
and  the  activation  energy,  E^,  ,  deduced  by  fitting  such  an  equation 
to  the  data. 

The  use  of  linear  pyrolysis  experiments  to  characterizing  pyroly¬ 
sis  has  continued  to  the  present.  The  investigation  reported  here  is  a 
continuation  of  these  efforts.  However,  the  experimental  and  inter¬ 
pretive  methods  described  here  represent  a  distinct,  departure  Trom 


previous  approaches 
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I.  B  PYROLYSIS  PROCESSES  AND  MODELS  IN  GENERAL 

As  part  of  the  task  of  characterizing  the  linear  pyrolysis  of  a 
solid  material  like  AP#  it  is  useful  to  consider  first  the  sorts  of 
processes  which  may  comprise  the  macroscopic  linear-regression  of  a 
pyrolyzing  surface.  Such  consideration  has  rarely  been  reported  along 
with  experimental  pyrolysis  data  though  it  is  essential  to  an  evaluation 
of  these  data.  Several  sorts  of  processes  are  evident  as  alternatives 
and  their  implications  relative  to  combustion  situations  are  different. 

The  following  sections  serves  as  a  framework  for  later,  critical 
views  both  of  the  results  of  the  present  work  and  of  the  pyrolysis  data 
of  others.  The  general  aim  of  the  following  sections  is  to  relate 
mechanisms  for  pyrolysis  to  the  mathematical  forms  which  might  describe 
experimental  pyrolysis  characteristics  (e.g.,  r  vs.  Ts>. 

I,  B.  1  Alternative  Pyrolysis  Processes 

Two  alternative  types  of  fundamental  chemical  processes  may  be 
suggested  as  distinguishable  mechanisms  for  pyrolysis:  sublimation  and 
chemical  decomposition.  These  processes  might  be  considered  the  ends 
of  a  broad  spectrum  of  possibilities.  At  one  extreme  is  simple,  uni- 
molecular  sublimation  and,  at  the  other,  full-fledged,  irreversible 
chemical  reaction  involving  products  quite  unlike  the  original  reactants. 
Intermediately,  one  might  consider  a  range  from  complex  (e.g. dissoci¬ 
ative)  sublimation  to  various  chemical  reactions  involving  only  modest 


structural  changes. 
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On  the  cne  extreme,  sublimation  nay  be  considered.  As  a  physical 
phase-transition,  this  is  a  reversible  process  in  the  classical  sense. 
Some  cases  of  sublimation  apparently  involve  the  direct  process  of 
desorption  into  the  gas  phase  (e.g.,  rhombic  sulfur  and  benzene, 

Schultz  and  Dtkker  (1955)).  In  other  cases,  intermediate  steps  such  as 
dissociation  or  charge  transfer  and  surface  diffusion  may  precede 
desorption  (e.g.,  HH^Cl;  Schultz  and  Dekker  (1956)).  Changes  in  mole¬ 
cular  structure  are  typically  very  modest  (e.g.,  dissociation)  or  non¬ 
existent,  but  a  variety  of  detailed  mechanisms  have  been  established 
(Somorjai  (1966)). 

On  the  other  hand,  substantial  chemical  decomposition  may  be 
involved  in  pyrolysis,  either  as  a  surface  process  or  as  an  in-depth 
process  in  a  surface-,'layer"  which  decomposes  macroscopically  as  if  by 
a  surface  process.  In  this  sort  of  pyrolysis  process,  some  of  the 
reaction  steps  are  typically  highly  irreversible  chemically.  Indica¬ 
tive  of  multiple  bond-breaking  and  extensive  chemical  rearrangement, 
the  gaseous  products  of  pyrolysis  bear  little  semblence  to  the  original 
reactants  (e.g.,  "low-temperature"  decomposition  of  NH^CIO^ ;  Jacobs 
and  Whitehead  (1969);  vaporization  of  condensation  polymers;  Madorsky 
(196U)).  Heterogeneous  reactions  may  also  be  involved  (e.g.,  graphite; 
Scala  and  Gilbert  (1965)). 

I.  B.  2  Models 

The  diversity  of  vaporization  processes  obviously  involves  a  wide 
variety  of  detailed  mechanisms.  However,  the  various  models  of  these 
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processes  which  have  been  aimed  at  explaining  vaporization  rates  show 
few  or  relatively  minor  conceptual  differences.  In  the  context  of 
reaction-rate  ("rate-process")  theory,  there  are  not  major  qualitative 

distinctions  made  between  reactions  comprising  sublimation  and  those 

# 

involved  in  surface  decomposition  reactions  (Somorjai  (1968),  Laidler 

(1950)). 

I.  B.  2a  Sublimation^  Models 

I.  B.  2a(l)  Single-Step,  Unimolecular  Sublimation 

In  models  of  sublimation,  repeated  reference  is  made  to  the 

Knudsen  relation  which  describes  sublimation  into  a  vacuum  ("free"  or 

"unopposed"  vaporization)  in  terms  of  the  surface  mas3  flux  (®va(.)*  8111 

accomodation  or  evaporation  coefficient  (3),  molecular  weight  (M), 

surface  temperature  (T  ) ,  and  the  corresponding  eouilibrium  vapor- 

pressure  of  the  subliming,  "i"th  species  (P  ■)  (Kennard  (1938)): 

i,  eq 

i  a  6  P.  _  (T  )  /m/2ttRT„  (1-1) 

vac  i,eq  s  b 

Very  similar  relations  may  be  derived  from  absolute  reaction-rate 
theory  if  a  single-Step,  unimolecular  sublimation  is  considered  (Penner 
(19^8)).  The  vacuum  evaporation  rate,  ^vac»  is  the  maximum  theoretical 
rate  of  vaporization.  Ea.(l-l)  has  been  applied  with  reasonable 
success  to  a  variety  of  materials  (benzene,  Schultz  and  Dekker  (1955); 
NaCl,  metals,  Somorjai  (1968)). 

* 

Quantitatively,  however,  the  complexity  of  the  latter  type  of  pyroly¬ 
sis  is  certainlv  much  more  troublesome. 


From  the  Clausius-Clarevron  relation,  P.  is  exponentially 

5.  ,eo 

temperature  dependent,  and,  at  least  over  limited  temperature  ranges: 


P,  ~  exp  (-AE  /PT  ) 
i  ,ee  '  sub  P 


(I-?). 


If  8  is  only  weakly  temperature  dependent  (as  vould  be  the 
case  with  a  single-step,  unimolecular  process),  Eq.(I-l)  is  dominated 
by  the  temperature  dependence  of  P^  eQ  ,  the  eauilibrium  vapor-nres- 
sure,  i.e.,  from  Eq's.  (i-l)  and  (1-2): 

m  ~  B  ✓M/2irRTf,  exp  (-AF  ,  /PT_)  (1-3) 

vac  F  sub  P 


Data  for  linear-pyrolysis  rates  as  a  function  of  surface  temper¬ 
ature  might  be  expected,  therefore,  to  vary  exponentially  in  the 
extreme  of  simple  vacuum  sublimation  (via  Eg. (1-3 ) ) : 

m  _______ 

r  =  J£2£  ^  b  /m/PttPT_  exp  (-AH  ,  /F.T  )  (I-M 
vac  p  F  sub  F 

That  is,  pyrolysis  data  vould  evidence  an  apparent  activation  energy 
equal  to  the  heat  of  sublimation,  AH  ^  . 

If,  in  the  other  extreme,  a  subliming  material  is  not  maintained 
in  a  vacuum,  linear-pyrolvsis  (sublimation)  rates  may  be  expected  to 
be  decreased  by  recondensation,  and  therefore  to  vary  not  only  with 
surface  temperature,  as  in  Eq.  (T-t ) ,  but  also  with  whatever  (partial) 
vapor-nressure,  ,  is  sustained  at  the  surface.  Thus,  for  non¬ 
vacuum  environments  (VTillians  (IP^)): 


r 


r 

vac 


<V  '  VPi,en  <‘S,] 


(1-5) 
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In  this  case,  the  tenperature  dependence  cf  r  apparent  in  pyrolysis 
tests  depends  on  changes  in  experimental  conditions  not  only  via 
changes  in  1^,  but  also  via  any  coupled  changes  in  partial  pressure  at 
the  surface.  Such  experimental  variables  as  total  pressure,  environ¬ 
mental  composition,  and  mode  of  heating  nay,  therefore,  influence  the 
relations  observed  between  r  and  during  pyrolysis  testing.  In 

the  limit  of  P.  approaching  ?.  ,  the  sublimation  rate  is  governed 

1  i,ea  * 

by  mass  diffusion  °rom  the  surface  and  : 


m  Pi.eq  m 

pL  FT  ~  Pl^T„ 


exo  (-AF  /PT_ ) 
sub  R 


(1-0 


where  D  is  the  diffusion  coefficient  of  the  subliming  species  and 

L  is  a  characteristic  diffusion  length  at  which  P. /P.  is  essen- 

i  i,eo 

tially  zero  (determined  by  the  physical  situation).  Arain,  an  apparent 
activation  energy  of  AK^^  is  notable. 


I.  B.  2a(P)  Multi-Step  Sublimation 


The  one-step,  unimolecular  sublimation  model  described  above 
contains  implicit  in  it  the  concent  of  a  single  evaporation  step  which 
occurs  whenever  a  molecule  has  sufficient  energy  to  change  phase.  In 
contrast,  multi-step  models  typically  consider  desorption  fro r  the 
surface  as  the  last  in  a  set  of  component  steps  some  o^  which  may  occur 
in  parallel  and  some  in  series. 

As  an  example  of  the  hinetics  of  such  a  multiple-step  process, 
consider  a  situation  in  which  desorption  is  the  sloiTest  of  these  steps 
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ft 

(and,  therefore,  "rate-controlling”)  .  In  this  case,  the  sublimation 
rate  depends  not  only  on  the  kinetic  rate  constant  of  the  desorption 
process  but  also  on  the  surface  concentration s)  of  desorbing  species. 
Such  stir face  concentrations  are  determined  by  the  temperature-dependent 
equilibrium  constants  of  preceding  sublimation  steps,  e.g.,  charge- 
transfer  between  ions  in  an  ionic  solid.  Thus,  the  temperature-depend¬ 
ence  of  the  overall  sublimation  rate  ("apparent"  activation  energy) 
reflects  not  only  the  temperature-dependence  (activation  energy)  of  the 
desorption  kinetics  but  also  the  temperature-dependence  of  the  equilib¬ 
rium  constants  of  the  sublimation  steps  which  are  in  (dynamic)  equilib¬ 
rium.  Furthermore,  the  functional  forms  of  such  relations  typically 
imply  apparent  activation  energies  which  charge  with  temperature 
(Guirao  and  Williams  (ip6p)  derive  a  variety  of  these  forms).  It  is 
quite  possible ,  of  course,  that  apparent  activation  energies  for  over¬ 
all  sublimation  show  a  dependence  on  gas-phase  compositions;  adsorption 
may  perturb  surface-process  equilibria. 

In  consideration  of  these  facts,  it  might  be  expected  that  only 
exceptional  sublimation  cases  could  be  well -described  by  the  empirical 
Arrhenius  expression  (Williams  (1965),  p.373): 

r  =  ATp“  exp  (-Eg/ETg)  (1-7) 

where  the  empirical  constant  n  <  1  and  E  is  the  aonarent  acti- 

ft 

This  situatic  i  will  be  termed  "equilibrium"  sublimation  for  the 
remainder  of  this  work.  Other  "non -equilibrium"  case-  may  be  dealt 
with  via  rate-process  theory  in  similar  fash5on. 
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* 

vation  energy  .  Such  cases  night  involve,  for  example,: 

(i)  vacuum  sublimation  with  relatively  high  surface  concentra¬ 
tions  of  adsorbed  species  or,  in  the  other  extreme  (cp.,  Eq.(l-8)), 

(ii)  diffusion-controlled  ,  multi --ten  sv’  li.rrvtior  (~„  ~  ''\y- 
or 

( ii:'. )  rate-control  by  the  first  steo  in  the  sublimation  orocess. 

I .  E .  2b  Su£f ace^Decompos it ion^  Models 

The  features  of  vaporization-rate  models  of  pyrolysis  with  irre¬ 
versible  surface  reactions  differ  little  in  the  contevt  r-e  rete-’Tocon.? 
theory  from  those  models  just  mentioned  for  multi-steo  sublimation. 

In  the  event  of  rate-control  by  a  single  surface-reaction  step,  the 
same  Arrhenius  expression  a?  •’'•scribed  above  (Eq.(l-T))  for  sublima¬ 
tion  may,  in  special  cases,  relate  r  and  T  : 

r  =  A  Ts°  exp  (-Eg/RTg)  (1-8) 

Such  an  expression  was  proposed,  for  examole,  in  early  attempts  to 
model  the  combustion  of  double-base  (homogeneous)  solid  propellants  in 
terms  of  a  single-step  surface  process  (Vilfong  et  al.  (1950)). 

As  in  multi-step  sublimation,  however,  either  competing  or 

* 

The  activation  energy  of  the  desorption  step  may  be  less  than,  greater 
than,  or  equal  to  AHgub  .  Examples  of  each  such  possibility  have  been 
observed  for  different  materials  (Somorjai  (1988)). 

+The  nature  of  the  sublimation  may  affect  the  definition  of  this  acti¬ 
vation  energy  in  terms  of  AH  ^  •  The  sublimation  of  NKj  010^  ,  for 
examnle,  is  known  to  be  dissociative  (Irari  et  al.  (lr '’?)).  In  this 
case,  it  may  be  shown  that  AHg  /  2  should  anpear  in  place  of 
AHg  ,  in  Fo's.  ( 1-2, 3, and  5)  ana  at  aoprooriate  locations  in  Section 
I.B.2a(l) . 


mm 
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sequential  rate-processes  nay,  lead  to  temperature-dependence  o*'  the 
apparent  activation  energy,  ,  for  irreversible  surface  decomposi¬ 
tion,  Further  in  parallel  with  multi-step  sublimation ,  the  overall 
rate  of  irreversible  surface  decomposition  may  or  ray  not  be  sensitive 
to  adsorption  o*  species  *ror.  the  pas  phase. 

I.  B.  2c  ^In-^epth_,,_D£comPO£ition_Models_ 

Beyond  the  range  of  surface  processes  which  might  comprise  linear 
pyrolysis  is  the  possibility  of  chemical  reaction  "in  depth",  i.e.,  in 
an  appreciable  volume  beneath  the  pyrolyzing  "surface".  Apain,  the 
variety  of  detailed  mechanisms  is  wide,  but  the  conceptual  approach  is 
similar  to  that  oiitlined  immediately  above.  A  malor  complication  is 
introduced,  however,  in  the  fact  that  su’ -cur^-cc  temperature  profiler 
ray  couple  with  chemical  kinetics  requirinp  spatial  intepration  of  the 
temperature-dependent  rate-process  equations  (like  Eq.I-8)  in  order  to 
describe  overall  pyrolysis  rates.  For  example,  such  attempts  have 
been  made  for  the  linear  pvrolysis  of  polymers  (Fnl  f.nov«tev  (Yv'r>)) 
and  of  ./F  (’ n.erc’.e  (in^7)), 

I.  P.  2d  in^^lciencjr  £f_  r_  _v£_._  Tp_  Dat_a_for_Dia(niosin2_  Pj^oljrsis_ 
Mechanisms 

In  light  of  the  previous  outline  of  pyrolysis  models,  it  is  clear 
that  experimental  relations  between  r  and  Tr  a  mm  m  ?.*•  sufficient 
basis  for  establishing  ’-hat  sort  of  pyrolysis  process  pives  rise  to  a 
given  set  of  experimental  data;  the  same  apparent  acoivation  energy 
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nay  arise  in  different  ways.  .  Even  if  the  process  is  known  to  he  sub¬ 
limation,  r  vs.  T  data  cannot  necessarily  distinguish  between 
equilibrium  end  non-equilibrium  sublimation  as  described  above. 

Efforts  to  distinguish  among  alternative  sublimation  mechanisms  can 
be  seen  to  depend  experimentally  on  more  information  than  r  vs.  Te 

1  O 

data,  Fimilarly  distinguishing  sublimation  from  irreversible  surface 
reactions  cannot  necessarily  be  accomplished  simply  from  r  vs.  T 

r> 

data:  again,  at  least  some  of  the  typical  r  vs.  T  relations  are 

"" '  i> 

very  similar  in  both  cases.  Additional  data,  for  example,  surface 
partial  pressures,  are  required  to  distinguish  among  different  pyroly¬ 
sis  mechanisms. 

I.  C  LINEAR  PYROLYSIS  OF  AP 

I.  C.  1  Experimental  Linear-Pyrolvsis  Studies 

The  results  of  linear  pyrolysis  experiments  with  AP  have  typical¬ 
ly  been  reported  and  interpreted  in  terms  of  vacuum  sublimation  or 
f  -face  decomposition  models  of  pyrolysis,  i.e.,  as  representative  of 
rate-controlled  processes.  Consistent  with  this  view  (though  not 

necessarily  with  the  actual  mechanism),  Arrhenius  expressions  have 

# 

been  used  to  characterize  the  relationship  between  r  and  : 

r  =  A  exp  (-Es/RTp)  or  A  Tg  exo  (-E^/R^) 

# 

Fuch  an  expression  has  been  incorporated,  almost  without  exception, 
as  a  surface  boundary  condition,  in  a  variety  of  models  of  both 
steady-state  propellant  deflagration  and  of  transient  propellant 
processes  such  as  acoustic  and  non-acoustic  instability,  extinguish¬ 
ment,  ignition,  and  flame-spreading. 


' 


Results  have  been  reported  from  "hot-plate"  exnerinents  using  AF 
pressed  against  both  solid  (Andersen  and  Chaiken  (1961))  end  porous 
hot-plates  (Coates  (19^5),  Guinet  (19^5),  Lieberherr  (1967));  recently, 
results  from  pressing  AT  against  hot  wire-meshes  have  also  been  reoort- 
ed  (Lieberherr  (1969))* 

Relations  between  r  and  mc  for  AP  have  also  been  measured 
during  the  burning  of  particulate  mixtures  and  porous  beds  of  AP 
burning  with  either  volatile  solid  fuels  (notably  paraformaldehyde, 
Powling  and  Smith  (19&3,  19^3))  or  gaseous  fuels  (e.g.,  methane, 
Powling  (1967)). 

Such  results  were  found  (Powling  (19^5 ))  to  correlate  moderately 
well  with  a  relation  of  the  form  of  Eq.(I-P)  if  ambient  pressures 
(Pamb )  were  considered  rather  than  the  (unknown)  partial  pressures  of 
"AP  vapor"  at  the  surface: 

nmb  ~  <-C»sub/P''rS)  <*-5> 

Though  partial  pressures  of  the  subliming  species  at  the  surface  are 
of  fundamental  significance  rather  than  total,  ambient  pressures, 
these  partial  pressures  were  not  estimated,  probably  because  of  the 
difficulty  in  doing  so  in  the  face  of  the  largely  unknown  gas-nhe.se 
reactions,  which  are  inherent  in  the  test  methods  uspd. 

In  1966,  Powling  reviewed  all  such  linear  pyrolysis  data 
(Powling  (1967))*  These  data  included  all  of  the  results  from  both 
the  burning  of  particulate  AP-fuel  mixtures  and  also  from  new  diffus¬ 
ion-flame  experiments  involving  pressed  A F  burning  in  combustible-gas 
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environments.  The  conclusion  vas  that  the  collected  data  (excepting 
those  from  hot-plate  experiments)  migrt  he  fitted  by  either  Fq*s.  ( T— 8 ) 
or  (1-9)9  though  somewhat  better  by  the  former  (using  F  =  30kcal/nole 

O 

.  .* 

“  ^sutr  *  r^us»  the  se’*'  °f  ^ata  from  combustion  experiments  night 
have  been  considered  representative  of  either  unopposed,  dissociative 
sublimation*  (Eq.(l-T)),  diffusion-controlled  sublimation+  (Eo. (T-8), 
if  P.  ;  P  ,  .  . ),  or  even  irreversible  surface  decomposition 

(Eq. (1-8) ) . 

Povling  noted  further  that  the  collected  hot-plate  data,  though 
all  considerably  scattered,  indicated  a  substantially  lower  apparent 

activation  energy,  i.e.,  E  s  20  kcal/mole  via  Eq.(I-fi).  Thus,  the 

b 

set  of  data  for  linear  pyrolysis  might  have  been  considered  repre¬ 
sentative  of  rate-controlled  sublimation  (Eq.(l-7))  or  irreversible 
surface  decomposition  (Eq.(l-B));  eouilibrium  sublimation  does  not 
seem  a  likely  alternative  in  these  experiments  (excepting  erroneous 
data)  since  E_  <  ,  /2  .  It  vas  suggested  that  the  differences  in 

0  SUD 

apparent  E  in  the  two  cases  might  arise  from  differences  in  surface 

O 

geometry  (particulate  in  the  case  of  the  combustion  experiments  with 
granular  mixtures  and  porous  beds;  continuous  in  the  case  of  solid, 
linear- nyrolysis  specimens  )  (Povling  ( 19(^7 ) ) . 

I.  C.  2  Models  of  the  Linear  Pyrolysis  of  £P 

In  addition  to  the  experimental  studies  cited  above,  two  different 

- -  j 

See  footnote,  p.  11. 

with  surface-reaction  steps  at  enuilibrium 
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mechanistic  vievs  of  the  linear  pyrolysis  of  A?  have  recently  been 
postulated  and  discussed  (  see  Jacobs  and  Powling  (19(b),  Guirao  and 
Williams  (19^9) ).  Both  of  these  views  of  linear  pyrolysis  rest  or. 
extrapolations  of  different,  alternative  interpretations  of  data  from 
recent  isothermal  pyrolysis  studies  by  Jacobs  and  Russell-Jones  (1968). 
Both  see  linear  pyrolysis  as  comprised  of  dissociative  sublimation  of 
AP  into  NK^  and  HCIO^.  However,  Jacobs  and  Powling  propose  an  un¬ 
opposed  equilibrium  sublimation  mechanism,  while  Guirao  and  Williams 
consider  a  diffusion-controlled  equilibrium  sublimation  as  likely 
during  both  isothermal  and  linear  pyrolysis.  Eoth  approaches  allow 
for  the  experimentally  observed  pressure-dependence  of  pyrolysis  rate 
as  observed  by  Russell-Jones  ( 1? A ) ;  Jacobs  and  Powling  attribute 
pressure-dependence  to  adsorption  of  inert  gases  on  the  subliminp  AP 
surface  while  Guirao  and  William, s  emphasize  the  pressure-deoendence  of 
mass  diffusion  coefficients  (which  are  central  in  their  diffusion- 
controlled  model ) . 

Only  Jacobs  and  Powling  have,  however,  actually  extrapolated 
isothermal  results  to  describe  the  linear  pyrolysis  situation.  Their 
approach  yields  an  apparent  activation  energy  for  linear  pyrolysis  of 
about  30  kcal/mole  which  is  appreciably  greater  than  that  observed  in 
linear  pyrolysis  experiments.  The  regression  rates  predicted  are  of 
the  observed  order-of-magnitude.  The  predicted  activation  energies 
are  moderately  consistent  (within  scatter)  with  AP  pyrolysis  results 
inferred  from  AP  combustion  experiments  (porous-rlug  and  diffusion 
flame;  (Fowling  (19^7))  if  the  previously-mentioned  pressure-depend- 
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ence  is  accounted  for.  Jacobs  and  Povling  suggest,  then,  that  their 
approach  accounts  reasonably  for  the  observed  pyrolysis  data.  However, 
there  are  several  significant  obstacles  to  accepting  this  Judgem. 
as  Guirao  and  Williams  (1069)  have  pointed  out. 

I.  C.  3  Summary 

The  diversity  of  possible  pyrolysis  processes  males  typical 
linear-pyrolysis  data  (  r  vs_.  Tc  )  an  insufficient  basis  for  dis- 
tinguishing  which  of  this  variety  of  processes  may  be  dominant  in  any 
particular  experiment.  Additional,  more  detailed  experimental  results 
must  be  brought  to  bear  in  making  such  a  distinction.  The  only  sub¬ 
stantial  attempt  to  delineate  AP  pyrolysis  mechanistically  appears  to 
be  that  of  Povling  who  used  a  variety  of  AP-combustion  experiments 
rather  than  pyrolysis  experiments  ner  se.  This  attempt  was,  unfortun¬ 
ately,  subject  to  the  limitation  of  approximating  unknown  partial- 
pressures  at  the  surface  by  the  total,  ambient  pressure;  the  results 
were  understandably  inconclusive.  While  clarifying  the  situation, 
Powling's  attempt  failed  to  distinguish  between  two  possible  mechan¬ 
isms  of  AP  pyrolysis:  (i)  rate-controlled,  unopposed  sublimation  and 
(ii),  diffusion-controlled  sublimation.  A  further  unresolved  complica¬ 
tion  to  mechanistic  interpretation  of  pyrolysis  data  is  the  apnarent 
contradiction  between  the  activation  energies  deduced  from  the 
r  vs.  T  trends  of  linear  nyrolysis  (  ca.  20  kcal/mole)  and  the 


higher  activation  energies  deduced  from  a  variety  of  /P-comtustion 
exneriments  (  ca.  30  kcal/mole). 
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The  present  investigation  is  in  response  to  the  situation  ,)ust 
described.  This  study  deals  with  a  new  linear-pyrolysis  technique 
which,  unlihe  previous  ones,  provides  the  potential  for  c^P'—cterizing 
pyrolysis  experiments  by  more  than  r  vs.  Tg  relations,  i.e.,  in 
terms  of  heat  fluxes,  partial  pressures,  etc.  Even  in  terms  of  simple 
r  vs,  Tc  data,  the  technique  throws  light  on  the  discrepancy  between 
20  and  30  kcal/mole  activation  energies  (as  described  above)  by  provid¬ 
ing  r  vs.  T  data  from  a  type  of  experiment  completely  different 
from  that  used  in  previous  linear-pyrolysis  studies.  To  provide  a 
context  for  the  present  work,  these  prior  linear-pyrolysis  experiments 
and  related  studies  are  reviewed  in  the  next  chapter  with  particular 
regard  for  information  other  than  r  vs.  T  dRta. 
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CHAPTER  II  -  PRIOR  IUVF.  ST  I  GAT  I  ON  C  OF  THE  LIIT-AP  PYROLYFIF 
OF  AMMONIUM  PERCHLORATE  AITD  PELATFP  INVESTIGATIONS 

'Tie  purpose  of  this  chanter  is  to  review  prior  experimental 
efforts  which  relate  directly  to  the  linear  nyrolysis  of  AP  with 
particular  emphasis  on  those  data  relevant  to  determining  pvrolyzate 
partial -pressures  at  the  pyrolyzing  surface. 

II.  A  EXPERIMENTAL  LINEAR  PYROLYTIC  RTUDIEC 

II.  A.  1  General  Comments 

A.s  cited  above  (Section  I.  C.l),  Povling  has  summarized  a  consid¬ 
erable  body  of  linear  pyrolysis  data  (Fowling  (1967)).  The  more 
recent  work  of  Lieberherr  (19^7,  1969)  has  also  been  cited  and  de¬ 
scribed  briefly.  All  of  these  prior  efforts  to  characterize  experi¬ 
mentally  the  linear  pyrolysis  of  AP  deal  with  pyrolysis  driven  by 
either: 

(1)  heated  metallic  surfaces  pressed  into  intimate  contact 
with  the  pyrolyzing  AP  surface  [solid  and  porous  "hot¬ 
plates"  (Andersen  and  Chaiken  (1961),  Guinet  (19^5), 

Coates  (1965a),  Lieberherr  (1967))  or  wire  meshes 
(Lieberberr  (1969))], 

or: 

(2)  diffusion  flames  established  above  the  pyrolyzing  AT 
surface  via  impinging  or  parallel  fuel  gas  streams 
(Fowling  (1967),  Jacobs  and  Fowling  (1969)). 
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II.  A.  la  ^Kot^Plate^  and.  ^eated-V7^re-Mesh_Techniaues 

The  hot-plate  (and  heated  wire-mesh)  techniques  suffer  the  major 
di  advantages  of: 

(i)  possible  mechanical  and/or  fluid  mechanical  disruption 
of  the  pyrolyzing  surface, 

(ii)  possible  chemical  interaction  between  the  hot-plate  and 
the  pyrolyzing  material, 

(iii) inherent  masking  of  the  pyrolyzing  surface  from  photo¬ 
graphic  or  visual  access  during  pyrolysis, 

(iv)  the  necessity  of  measuring  surface  temperature  with  a 
thermocouple  on  or  within  the  heated  metallic  surface,  and 

(v)  inability  to  characterize  the  surface  sta.te  during 
pyrolysis,  i.e.  the  pressure  at  which  gasification 
occurs  and  the  composition  of  the  gas  phase  at  and 
near  the  pyrolyzing  surface. 

The  first  disadvantage  has  been  noted  earlier  (Nachbar  and  Williams 
(1963),  McAlevy  et  al.  (1968))  as  have  the  second  (Pearson  (1967))  and 
the  fourth  (Nachbar  and  Williams  (1963)).  The  significance  of  the 
third  is  apparent  when  it  is  noted  that  surface  cracking  of  AP  speci¬ 
mens  is  not  uncommon  (Barrere  and  Williams  (1968),  p.57)  and  when  it  is 
noted  that  powerful  optical  methods  for  measuring  surface  temperature 
are  necessarily  excluded  by  hot-plates. 

The  fifth  disadvantage  cited  has  not  been  emphasized  previously. 

As  suggested  above  (Section  I.B.2d),  however,  it  is  very  significant 
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in  determining  the  usefulness  of  pyrolysis  data  vis-a-vis  ovrolysis 
models.  The  inability  to  measure  or  otherwise  determine  total  nres- 
sures  fend,  therefore,  partial  -pressures)  at  the  pyrolyzing  surface  is 
primarily  and  inherently  a  consequence  of  the  loading  force  required 
to  hold  a  pyrolyzing  specimen  in  intimate  contact  with  a  heated  metal 
surface.  Loadinp  pressures  (force/nominal  "contact"  area)  in  hct-r>late 
and  heated  wire-mesh  experiments  have,  without  exception ,  been  appreci¬ 
able  relative  to  nominal  "ambient"  pressures.  High  loading  pressures 
are  required  in  order  to  achieve  r  vs.  T  date  which  are  independ- 

1  u 

ent  of  these  pressures  (Chaiken  et  al.  (106F),  Guinet.  (1965),  Lieber- 

herr  (i960)).  In  extreme  cases  (Chaiken  et  al.  (1062),  Lieberherr 

(1069)),  loading  pressures  (e.g.  18  atm.,  Lieberherr  (i960))  have 

* 

greatly  exceeded  ambient  pressures  .  In  any  event ,  the  uncertainty  in 
actual  contact  area  and  the  possibility  of  appreciable  pressure  non¬ 
uniformity  across  the  surface  diminish  the  utility  of  hot-plate  or 
wire-mesh  techniques  appreciably.  'Tiis  is  true,  even  in  strictly 
empirical  studies,  because  of  the  need  for  a  full  characterization  of 
test  conditions.  It  is  also  true  because  of  the  necessity  of  at  least 
estimating  the  surface  partial  pressures  of  pyrolysis  products  for 
identification  of  pyrolysis  regimes  and  thereby  for  comparison  with 
models  of  the  pyrolysis  process. 

The  ma,1or  advantages  of  the  hot-plate  and  hot-mesh  techninues  are 
their  apparent  conceptual  simplicity,  their  successful  use  in  some 
nor.-AT  pyrolysis  studies  (Chaiken  et_  slL_.  (196f)),  and  the  very  wide 

* 

Very  significant  relative  to  (ij. 


Fee  also  Section  V.  A,  below) 
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range  of  test  data  (e.g.,  measured  temperatures)  which  can  he  obtained 
from  them. 

II.  A.  lb  Diffusion-Flam^  Technique. 

The  diffusion-flame  technique  is  capable  of  overcoming  all  of  the 
disadvantages  cited  above  for  the  hot-plate  and  hot-mesh  methods. 

This  technique  may  well  bear  development  and  use  beyond  the  alreadv- 
substantial  efforts  of  Powling  (19^7).  The  diffusion-flame  method  may, 
however,  be  excessively  limited  in  its  useful  range  by  flammability 
limits  (McAlevy  et  al.  (1968)).  Furthermore,  the  presence  o^  a  neces- 
sarily-reactive  flow  field  near  the  pyrolyzing  surface  complicates, 
perhaps  nrohibitively ,  the  important  task  of  determining  gas-phase 
composition  at  the  pyrolyzing  surface. 

II.  A,  2  Experimental  Results  from  Combustion  in  Porous  AP  Beds  and 
in  AP-Fuel  Mixtures 

While  certainly  complimentary  to  linear-pyrolysis  data,  results 
from  porous-bed  and  mixture  combustion  are  felt  to  be  of  only  indirect 
relevence  to  characterizing  the  linear  pyrolysis  of  AP.  The  liklihood 
of  difficulty  in  interpreting  these  combustion  data  from  particulate 
rather  than  continuous  surfaces  has  already  been  mentioned (Section  I. 
C.l).  For  this  reason,  these  resuits  are  not  considered  farther  at 


this  point 
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II.  A.  3  Hot-Plate  and  Hot-Mesh  Data 
II.  A.  3a  Sol_id_  Hot_-Plate_  D_at_a 

Data  for  the  linear-pyrolysis  of  pressed  AP  heated  by  a  solid  hot¬ 
plate  (contairing  a  thermocouple)  have  been  reported  by  Andersen  et  al. 
(1959)  and  by  Andersen  and  Chaiken  (1961).  Andersen's  most  recently  re¬ 
ported  data  are  listed  in  Table  J-l  (Appendix  J) ,  and  the  envelope  of 
these  data  is  shown,  as  implied  by  Eq.  1-7,  in  Fig.  II -1* .  The  data 
evidence  an  apparent  activation  energy  of  approximately  23  kcal/mole  and 
are  scattered.  They  were  obtained,  as  summarized  in  Table  II - 1 ,  under 
conditions  comparable  to  those  of  earlier  hot-plate  tests  on  NH^Cl 
(Chaiken  (1970)). 

It  was  noted  during  testing  that  the  region  of  the  electrically 
heated  hot-plate  nearer  the  sample  was  less  bright  (cooler) .  This  was 
taken  to  imply  that  the  pyrolysis  process  was  endothermic  overall.  How¬ 
ever,  attempts  to  determine  heat  flux  to  the  specimen  during  pyrolysis 
were  unsuccessful  according  to  Chaiken  (1970) .  . 

The  pressure  at  the  pyrolyzing  surface  is  unknown  for  these  solid 
hot-plate  experiments.  Conceivably,  effective  surface  pressures  might 

_3 

fall  within  a  large  range  -  from  the  low  ambien.  pressure  (ca.  10  atm) 

to  the  high  loading  pressures  (1.3  to  5  atm).  Despite  the  high  loading 

pressures,  it  appears  that  surface  pressures  were  actually  very  near  the 

lower  ambient  pressures.  Since  ambient  pressures  in  these  experiments 

were  far  below  the  corresponding  AP  vapor  pressures**,  these  AP  pyrolysis 

*The  solid  hot-plate  data  of  Guinet  (1965)  are  excluded;  they  depend  on 
loading  pressures,  indicative  of  errors  in  measuring  surface  temperature. 

**AP  vapor-pressure  data  were  unavailable  at  the  time  of  these  experiments 
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FIGURE  I I -1 :  ENVELOPES  OF  PRIOR  LINEAR-PYROLYSIS  DATA  FOR  AP 


Source 


Andersen 

and 

Chaiken 

(1959) 


Coates 

(1965) 


Lieberherr 

(1967) 


NOTES : 


Temperature 

Range 

(°C) 

Corresponding 

AP 

Vapor  ^ 
Pressures 

(atm) 

475° 

0.25 

to 

to 

640° 

20 

475° 

0.25 

to 

to 

600° 

18 

(additional 

single  point 

at  370°C ) 

375° 

0.013 

to 

to 

475 

0.25 

475° 

0.25 

to 

to 

730° 

20 

(atm) 


Ambient, 


(atm) 


0.001 

to 

0.003 


^  Inami  et  al.  (1963) 

^  Nominal  loading  pressures  plus  ambient  pressures 

Surrounding  specimens  and  hot  plates  for  experiments 
of  Lieberherr  and  of  Andersen  and  Chaiken 


TABLE  II-l:  AMBIENT,  LOADING,  AND  ,rAP0R  PRESSURES 
IN  HOT-PLATE  PYROLYSIS  EXPERIMENTS 
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data  probably  represent  essentially  unopposed  sublimation.  This  likli- 
hood  can  be  deduced  from  the  results  of  similar  linear-pyrolysis  tests 
on  NH  Cl  with  the  same  high  loading  pressures.  Pyrolysis  results  for 
NH^Cl  definitely  indicate  that  the  total  pressure  at  the  pyrolyzing  sur¬ 
face  essentially  equalled  the  very  low  ambient  pressures  used  (see 
Appendix  H). 

The  accuracy  of  the  temperature  data  reported  by  Andersen  and 
Chaiken  is  questionable  (Cantrell  (1963)).  The  attempt  of  Nachbar  and 
Williams  (1963)  to  correct  for  this  error  is,  however,  probably  very 
rough  due  to  their  unsuppor  -ed  assumption  of  a  gas  film  of  uniform  and 
constant  thickness  between  the  hot  plate  and  the  pyrolyzing  surface. 

The  low  pressures  which  were  apparently  sustained  at  the  pyrolyzing 
surface  (see  above  )  suggest  solid-solid  contact  or  at  least  some  chan¬ 
neling. 

II.  A.  3b  Porous  Hot-Plate  Data_ 

Data  for  AP  pyrolysis  experiments  using  porous  (sintered-metal) 
hot-plates  have  been  obtained  by  Guinet  (1965),  Coates  (1965),  and  by 
Lieberherr  (1967).  The  data  of  Coates  and  Lieberherr  are  listed  in 
Table  J-l  (Appendix  J),  and  the  envelopes  of  these  data  are  shown  in 
Fig.  II-l.  Gu5.net' s  data  and  similar  data  mentioned  by  Barrere  and 
Williams  (1968)  have  not  been  shown  since  they  are  known  to  be  subject 
to  inaccuracies  in  surface  temperature  measurement  (Lieberherr  (1967), 


(1969)).  The  data  of  Lieberherr  (1967)  are  based  on  essentiallv  the 

* 

sane  apparatus  but  with  an  improved  temperature-measurement  method. 

At  high  surface  temperatures  (  T  >  L75°C  ) ,  both  Coates  and 

D  * 

Lieberherr  report  similar  r  vs.  T^  results.  For  these  temperatures, 

1  ,r,T  L> 

Lieberherr  also  reports  a  visible  flame  near  the  surface  similar  to 
that  observed  by  Guinet  (1965).  Belov  L75°C,  Coates  reports  but  a 
single  datum  point  (at  Te  =  370°C,  10^/T  =  1.55)  while  Lieberherr 

l)  O 

reports  a  striking  discontinuity  in  rates  (toward  lower  rates  at  lower 
temperatures,  see  Fig.  II-l)  coincident  with  disappearance  of  a  visible 
flame. 

Comparisons  of  ambient  pressures,  loading  pressures,  and  AP  vapor- 
pressures  for  these  experiments  bring  several  additional  points  to 
light+.  First,  in  the  higher  temperature  range  (>  U75°C),  ambient 
pressures  in  both  experiments  were  appreciably  below  the  corresponding 
AP  vapor-pressures,  though  more  so  in  Coates'  case  (see  Table  II-l). 
Indications  of  gas-phase  reactions  were  reported  for  high  surface  tem¬ 
peratures  by  both  Lieberherr  and  Coates.  These  facts  suggest  that  pyro- 
lvzate  partial  pressures  were  well  below  corresponding  vapor  pressurest+ 
Unopposed  sublimation  may,  then,  have  existed  in  each  case  for  tempera- 

* 

Guinet  deduced  surface  temperatures  from  temperatures  measured  on  the 
downstream  face  of  the  porous  plate  and  a  correlation  of  the  tempera¬ 
ture  drop  across  the  plate  with  the  flow  rate  of  gas  through  the  plate; 
Lieberherr  measured  the  temperature  of  a  thermocouple  inserted  between 
the  plate  and  the  specimen. 

+Neither  Coates  nor  Lieberherr  reportedly  considered  AP  vapor  pressures 
vis-a-vis  their  data  though  such  data  were  available  (Inarni  et  al. 

TW^TT  - 

++Reactions  in  the  gas  phase  may  depress  surface  partial  pressure  by 
acting  as  sinks"  for  the  pyrolvzate. 
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turer  above  475°C.  This  observation  is,  however,  made  uncertain  by  the 
high  loading  pressures  used.  Over  the  range  of  surface  temperatures 
measured,  AP  vapor  pressures  range  from  well  above  to  v.’ell  below  the 
loading  pressures  (see  Table  II-l).  Second,  below  475°C,  Lieberherr's 
ambient  pressure  (1.5  atm)  is  8  to  100  times  higher  than  corresponding 
AP  vapor  pressures  .  This  suggests  diffusion-controlled  sublimation  at 
these  low  temperatures,  in  contrast  with  the  unopposed  sublimation  which 
may  exist  at  higher  temperatures.  Third,  the  discontinuity  in  rate  ob¬ 
served  by  Lieberherr  at  about  475°C  is  in  the  correct  direction  (and  of 
the  correct  magnitude,  approximately)  to  be  attributed  to  a  transition 
from  low-temperature ,  diffusion-controlled  sublimation  to  unopposed  sub¬ 
limation  coupled  with  gas-phase  reaction  (the  "visible  flame")  at  higher 
temperatures . 

Tinally,  it  must  be  observed  tl  at  the  inherent  surface  irregularity 
of  the  porous  elates  used  (pore  size,  approx.  40  um)  is: 

(i)  of  the  same  order  as  the  characteristic  dimension  for  heat 
transfer  in  the  near- surface  gas  phase  (at  least  for  high 
regression  rates,  e.g.,  0.03  cm/sec),  and 

(ii)  not  much  greater  than  the  scale  of  the  temperature  profile 
in  the  solid  phase,  and 

(iii) of  the  same  scale  as  topological  details  of  subliming- surface 
structures  (see  Section  IV.  B.  2,  below). 

Therefore  there  is  substantial  doubt  as  to  the  interpretation  of 

.I.1'"’""  "  "  ■  1,1  ■'”■■■"  .  —  ■  "  . .  "  ■ 

Coates'  single  datum  below  475  C  lias  been  neglected  due  to  its  unique¬ 
ness  and  due  to  the  disparity  between  Coates'  ambient  and  loading  press¬ 
ures  (ca.  35  mm  Hg  and  1.8  atm,  respectively)  and  the  corresponding 
vapor  pressure  of  AP  (ca.  6  mm  Hg), 
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pyrolysis  rate  and  temperature  data  from  such  a  two-dimensional  pyroly- 
zing  surface  which  is  necessarily  perturbed  by  the  proximity  of  the 
porous  plate.  Only  Guinet  touches  on  the  sensitivity  of  pyrolysis 
rates  and  temperatures  to  porous-plate  construction;  no  one  has  re¬ 
ported  any  systematic  testing  of  this  potential  influence. 

II.  A.  3c  Heated_Wire-Me£h_Data_ 

Pyrolysis  rate  vs.  temperature  data  from  experiments  using 
electricallv  heated  wire-meshes  have  been  reported  by  Lieberherr  (1969). 
Only  the  low-temperature  results  (T  <  500  C  )  are  considered  here 
since  there  are  substantial  current  questions  regarding  the  validity 
(and  certainly  the  interpretation)  of  Lieberherr' s  higher-temperature 
results.  (These  results  indicate,  among  other  features,  negative 
apparent  activation  energies  and  strong  dependence  on  ambient  pressure). 
The  envelope  of  the  highly-scattered  date  for  1  atm  is  shown  in 
Fig.  II-2. 

As  in  porous-plate  experiments,  the  fact  that  the  total  pressure 
(and,  therefore,  AP  partial -pressure)  at  the  pyrolyzing  surface  is  not 
well  known  interferes  considerably  with  interpretation  of  the  data. 

The  surface  pressure  is  quite  possibly  greater  than  any  of  the  ambient 
pressures  tested,  however.  Lieberherr  has  estimated  a  value  as  high 
as  18  atm.  ,  based  on  the  loading  force  and  the  projected  area  of  the 
mesh  used. 

A  notable  physical  feature  of  these  data  is  that  an  extremely 
two-dimensional  surface  is  likely.  "Needles"  of  A?  as  long  as  several 


r  (cm/sec) 


V 


i 

io3/ts  (°K_i) 

FIGURE  I I -2 :  SELECTED  RECENT  AP  PYROLYSIS  DATA  FROM  HEATEO-WI RE-MESH 
EXPERIMENTS  (AFTER  LI EBERHERR(1969) ) 
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millimeters  were  observed  projecting  through  the  raesh  during  pyrolysis 
(Lieberherr  (1969)).  Lieberherr  has  suggested  that  these  are  not 
necessarily  significant  since  temperatures  are  measured  and  regression 
occurs  at  the  area  of  contact  between  the  specimen  and  the  hot  vire-> 
mesh.  In  a  sense,  it  is  suggested,  each  wire  (or  each  grain  of  a 
porous  hot-plate)  may  be  viewed  as  a  single,  very  small  "hot-plate". 
Lieberherr  reported,  further,  that,  over  a  factor  of  ?  variation  ir* 
•Tire  diameter  and  a  factor  of  variation  in  pore  size,  no  influence 
on  measured  rates  and  temperatures  was  observed.  Wire  type  (steel  vs. 
platinum)  is  apparently  also  not  influential. 

III.  A.  U  Diffusion-Flame  Pyrolysis  Data 

Fowling  has  reported  results  of  numerous  experiments  involving 
the  deflagration  of  pressed  AP  in  a  counter-flow  diffusion  flame 
fuel'  .  ny  various  combustible  gases  (CH^;  diluted  with  N  ).  These 
experiments  were  at  ambient  pressures  between  30  and  7^0  mm.  Hg 
(Powling  (1967),  Jacobs  &  Powling  (i960)).  Infrared  spectraradioraetry 
was  used  to  determine  surface  temperatures,  apparently  on  the  basis 
of  the  same  emittance  (O.83)  used  in  other  spectraradiometric  measure¬ 
ments  on  burning,  particulate  AP  (Fowling  and  Smith  (19^5) ).  The  data, 
taken  from  a  plot  by  Powling  and  Smith  (1965),  are  listed  in  Table  J-? 
(Appendix  J),  and  the  envelope  of  them  is  shown  in  Fig.  IJ-1. 

These  results  have  also  been  represented  (along  with  combustion 
data  from  particulate  systems)  on  semi-logarithmic  plots  of  ambient 
pressure  vs.  inverse  surface  temperature,  a  form  suggested  because  of 
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the  possibility  of  diffusion-controlled  sublimation  at  the  surface  (Eq. 
1-9)  (Fowling  (19^7)).  Powling  has  noted  that  the  data  are  more 
scattered  and  not  as  well  fitted  by  a  single  line  on  such  a  nlot  as  on 
an  Arrhenius  plot  of  the  pyrolysis  rate.  He  has  not,  however,  called 
attention  to  the  fact  that  substantial  scatter  should  be  expected  on 
such  a  plot;  ideally,  partial  pressures  of  AP  pyrolysis  product  should 
be  considered  rather  than  total,  ambient  pressures.  Depending  on  the 
combustion  situation,  partial  pressures  might  be  considerably  below 
ambient,  total  pressures  leading  to  the  appearance  of  data  "scatter" 
toward  higher  total  pressures  at  a  given  surface  temperature  even  if 
diffusion-control  did  exist.  In  fact,  consistent  with  this  view,  the 
great  majority  of  such  data  can  be  seen  to  lie  at  higher  pressures 
than  the  AP  vapor  pressures  corresponding  to  the  measured  surface 
temperatures  (Powling  (1967)). 

II,  A.  5  Summary  of  Prior  Linear  Pyrolysis  Data 

Table  II-2  summarizes  prior  data  in  terms  of  Eq's.  (1-7)  and  (1-8) 
(rate-controlled  view)  and  with  reference  to  temperature  range,  test 
method  and  data  scatter. 

Figure  11-3  summarizes  prior  data,  so  far  as  possible,  in  terms 
of  Eq.  (1-9)  (diffusion-controlled  view),  by  comparison  with  an  extra¬ 
polation  of  reported  AP  vapor  pressure  data  (Incni  et  aJ .  (1063)).  In 
this  ght,  it  is  clear  that  a  major  stumbling  block  to  this  view  is 
the  difficulty  in  characterizing  these  data  appropriately  via  nartial 
pressures  at  the  surface  rather  than  via  nominal,  ambient  pressures. 


SOURCE 


SOURCE 

NO.  OF 

A 

(cm7sec) 

Es 

(kcal/mole) 

DATA 

PHTNTS 

Solid  Hot-plate 

(1959) 

Andersen  et_  aJ,. 

10 

lO1-51 

22.6  ±  3.8 

Porous  Hot-plate 

(1965) 

Coates 

12(a) 

io3*03 

17.9  ±  2.1 

Porous  Hot-plate 

(1967) 

Lieberherr 

l3(b) 

IO*'1 

103-56 

iO1-56 

21,6  ±  h.2 

11.8  ±  1.2 

Diffusion  Flame 

(1967) 

Fowling 

3  6 

IO1-33 

12.1  ±  0.7 

NOTES: 

^Point  at  103/T  =  1.55  onitted 

O 

^^Below  discontinuity  at  103/T  =  1.35 

O 

^Above  discontinuity  at  103/Tn  =  1.35 

TABLE  II- 2  -  SUMMARY  OF  KINETIC  PARAMETERS  FROM  LEAST-SQUARES  FITS 
TO  PRIOR  AP  LINEAR-PYROLYSIS  DATA  [r  =  A  exp(-E„/RT_)] 

O  O 


PRESSURE  (atm) 


1.0  1.2  1.4  1.6  1.8 

I03/T  (®K",x  I03) 


FIGURE  1 1-3:  AMBIENT  PRESSURES  FOR  LINEAR  PYROLYSIS  EXPERIMENTS 
-  COMPARED  WITH  AP  VAPOR  PRESSURES 
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II.  B  RELATED  EXPERIMENTAL . STUDIES 

II.  B.  1  Low-Temperature  Decomposition  Studies 

Since  data  and  results  concerning  the  low-temoerature  cecomposition 
of  AT  have  been  amply  reviewed  recently  (Pittman  (ip66).  Hall  &  Pearson 
(-9^7),  Jacobs  &  Whitehead  (19^9))*  this  subject  need  not  be  discussed 
in  detail  here.  This  low-temperature  decomposition  may  be  dominant 
-Jt  low  temperatures  (e.g.,  below  about  290°C )  and  is  believed  to  be  a 
surface  reaction  (e.g. ,  the  reaction  of  adsorbed  EH^  and  HCIO^  on  the 
crystal,  surface;  Jacobs  and  Whitehead  (19^9)).  r,The  reaction  is  gener¬ 
ally  held  to  be  too  slow  to  contribute  substantially  to  the  linear 
pyrolysis  or  deflagration  of  AP  at  elevated  temperatures.  For  this 
reason,  major  emnhasis  is  given  in  this  investigation  to  the  higher- 
temperature  reaction  route  for  that  apparently  involving  dissocia¬ 
tive  sublimation  (possibly  followed  by  ^a^-phase  reaction  of  and 
HClOj^).  Figure  II-U  summarizes  a  current  view  (Jacobs  and  Whitehead 
(1969))  of  the  various  competing  processes  (including  low-temperature 
decomposition.  Step  7)  of  AP  pyrolysis. 

II.  B.  2  Isothermal  Sublimation  Studies 

II.  B.  2a  Vanor-Pressure_l!easurenents_ 

Inanl  ct_  el.  (19^3)  have  measured  the  vepo"  pressure  of  AP  at 
temperatures  between  150°  and  3^0°  C  using  a  transpiration  method. 

Helium  carrier  gas  was  passed  through  beds  (e.g.,  2-cm.  diameter, 

1-cm.  height)  of  AP  particles  (either  50  pm  or  larger-than-6l  pm 


***!!*** 'i'  '***mmm 


nu 


MM 
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particle-size).  A  sublimate. was  condensed  out  on  a  cold-finger  and 
chemically  analyzed.  The  vapor-pressure  results  were  found  to  be 
well-represented  by  the  relation: 

^dissocatlon  ’  lO10'55  exp[ (-58  ±  2VSFT) j 


where  P..  .  .  .  in  the  total  oressure  of  the  two  sublimation 

dissociation 

» 

species  (NH^  and  HCIO^).  The  exponent  is  consistent  with  dissocia¬ 
tive  sublimation  at  the  thermodynamic  heat-of-subliraation  (5Q.3  kcal/ 
mole)  as  was  the  equimolar  composition  of  NH^+  and  HCIO^”  found  in  the 
sublimate. 


II.  B.  2b  fiublimation_  Kinetics 

II.  B.  2b  (l)  Thermogravimetry 

Jacobs  and  Russell -Jones  (1968)  have  made  thermogravimetric 
measurements  on  pressed  AP  pellets  (ca.3mm  diameter,  3  mn  height) 
subliming  in  the  temperature  ranges  213°  to  270°C  (in.  vacuo )  and  30U° 
to  375°C  (in  1  atm.  air).  The  pressure  dependence  of  the  observed 
kinetics  was  studied  in  an  environment  (0.01  to  1.0  atm.)  at  270°C. 
The  results  were  found  consistent  with  a  Langmuir -Fuchs  sublimation 
model  for  a  single,  "effective"  subliming  species. 

The  model  balances  evaporation  rate  with  recondensation  and  gas-phase 
diffusion  rates,  basing  these  latter  rates  on  the  partial  pressure  of 
the  sublimed  species  at  one  mean-free-path  from  the  surface.  Analysis 

*The  presence  of  two  gas-phase  species  account  for  the  factor  of  2  in 
the  exponential.  Pee  footnote,  page  H. 
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of  Russell-Jones'  data  (19&0  in  these  terns  allowed  parameters  appear¬ 
ing  in  the  model  to  be  determined;  variations  in  the  values  of  these 
parameters  with  temperature  were  found  to  be  highly  consistent  with  the 
vapor-pressure  and  thermodynamic  heat-of-sublimation  data  of  other 
workers. 

In  the  context  of  the  model,  the  sublimation  rates  observed  by 
Jacobs  and  Russell-Jones  were  essentially  unopposed  by  recondensation 
over  the  range  of  temperature  213°C  (in  vacuo)  and  301*0  to  375°C  (l  atm). 
Likewise,  in  the  context  of  their  model,  Jacobs  and  Russt 11 -Jones  ex¬ 
plain  the  apparent  activation  energy  of  their  measured  reaction-rate 
constants  (ca,  30  kcal/mole)  as  arising  from  the  heat  of  sublimation, 

AH  (via,  essentially,  Eq.I-U),  This  explanation  is  consistent  with 

sub  ■■■■*“ 

their  model  which,  through  use  of  the  Knudsen  equation,  assumes 

effectively  a  unimolecular  sublimation.  However,  there  appear  to  be 

two  objections  to  the  view  that  the  apparent  activation  energy  observed 

is  a  direct  result  of  AH  . 

sub. 

First,  the  sublimation  process  is,  in  fact,  accepted  as  bimolecular 
(NH^  and  HCIO^).  This  bimolecularity  appears  inconsistent  with  Jacobs 
and  Russell-Jones'  proposal  that  the  apparent  activation  energy  for 
sublimation  is  derived  directly  from  AH  .  since  (see  SecLJ.on  1,13.2a 

SUD 

(2))  the  activation  energy  for  rate-controlled  or  unopposed  multi-step 
sublimation  ought  not  to  derive  from  AH  ,  (see  Section  I.B.2a(2)); 

SUD 

in  such  a  case,  the  apparent  activation  energy  ought  derive  from  the 
kinetics  of  that  step  which  is  rate-controlling  (and  relate  to  AH  ^ 
only  coincidently,  if  at  all). 
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A  second  objection  to  relating  apparent  activation  energy  to 

H  ,  arises  from  Jacobs  and  Russell-Jones '  treatment  of  an  observed 
sub 

pressure-dependence  of  the  evaporation  coefficient.  This  pressure 
dependence  was  first  attributed  to  the  pressure  dependence  of  the 
diffusion  rate  in  the  gas  phase  (Russell-Jones  (196M).  Later,  this 
pressure  dependence  was  attributes  to  adsorbed  N0  on  the  subliming  sur¬ 
face;  inert  gases  like  nitrogen  were  oroposed  as  adsorbing  on  the  sur¬ 
face  and  thereby  interfering  with  surface  diffusion  of  the  subliming 

* 

species  prior  to  their  desorption  .  This  treatment  serves  to  explain 
a  pressure  dependence  of  the  evaporation  coefficient.  However,  it 
appears  that  it  also  leads  to  a  temperat  re  dependence  of  the  evapora¬ 
tion  coefficient  because  of  temperature-dependent  terms  which  are 
necessarily  introduced  whenever  H0  adsorption  is  treated  as  a  pressure- 
dependent  influence.  This  temperature  dependence,  in  effect,  renders 
3  ,  the  evaporation  coefficient,  temperature  dependent  since,  from 
Jacobs  and  Russell-Jones'  Eci's,  (25)  and  (26): 


B  =  1  +  x(T)P  kl^  +  1:2^ 

By  definition,  x(T)  should  be  expected  to  show  exponential  temperature 
dependenc  :  with  appreciable  activation  energy  (potential  energy  of  Il0 
adsorption);  k^(T)  and  kp(T)  are  essentially  diffusion  rate-constants 


^Though  no  independent  evidence  was  cited  for  II  adsorption  on  AP,  this 
phenomenon  was  found  sufficient  to  account  for  the  pressure  dependence 
by  invoking  arguments  based  on  two  different,  parallel  surface-diffusion 
routes  to  desorption.  One  of  these  routes  (the  dominant  one)  allows  II ^ 
adsorption  to  interfere  with  surface  diffusion.  A  Langmuir  adsorption1 
isotherm  was  invoked  to  account  for  the  extent  of  II,,  adsorption. 
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which  might  also  be  expected  to  show  exponential  temperature  dependence 
with  appreciable  activation  energies.  It  is  clear,  via  Eg.  (I-U),  that 
temperature  dependence  in  8  must  influence  the  apparent  activation 
energy  for  sublimation  beyond  that  temperature  denendence  of  the  ex¬ 
ponential  factor  in  Eq.(l-10  which  involves 

Guirao  and  V.'illiams  (i960)  have  proposed  (on  more  riporous  grounds 

than  Jacobs  and  Russell-Jones ' )  an  alternate  view  of  the  data  of  Jacobs 

and  Russell-Jones;  these  data  can  be  interpreted  as  representative  of 

diffusion-controlled,  equilibrium  sublimation  with  a  small  contribution 

to  overall  pyrolysis  rate  from  the  low-temperature  decomposition  of  AP. 

This  proposal  is  appealing  in  that  such  a  mechanism  accounts  rationally 

for  the  relationship  between  Jacobs  and  Russell-Jones  observed  activation 

energy  and  AH  . 

sub 

1 1 .  B ,  2b  ( 2 )  Surface^  Regress  si  on__?l£a£\arenents_ 

Krauetle  (19^9)  has  reported  the  results  of  measurinp  the  surface 
repression  rate  of  la:  ?  spheroidal  crystals  of  AP  (ea,  U50  wn  diameter) 
on  the  hot-stape  of  a  microscope.  Hot-stage  temperatures  of  333°  t.o 
1*63°C  and  arbient  pressures  of  O.U  to  0,9  atm  were  used.  Temperatures 
were  limited  by  the  onset  of  rapid  and  violent  reaction  (Bopgs  (1970)), 

Krauetle' s  results  for  an  abmient  pressure  of  0,9  atm  are  shown  in 
Fig.  II-5.  Data  for  lower  pressures  at  temperatures  below  about  380°C 
were  reported  but  are  omitted  from  Pip,  11-9  for  clarity.  These  data 
show  pyrolysis  rates  approximately  inversely  proportional  to  ambient 
pressure,  and  Krauetle  attributed  this  to  recondensation  or  reassocia- 
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FIGURE  1 1-5:  RECENT  ISOTHERMAL  LINEAR-PYROLYSIS  DATA  FOR  AP 
(AFTER  KRAUETLE  (1969)) 


tion  reactions  steps  o**  the  dissociative  sublination  orocess.  In  the 
temperature  range  for  which  they  overlap  the  data  of  Lieberherr  (l9f>7), 
these  rates  are  at  the  lower  extrene  of  Lieberherr' s  data  scatter 
(cp.,  Fig's.  II-l  and  II-5). 

In  Fig.  II-5,  activation  energies  of  27  to  20  kcal/mole  are 
apparent  at  the  lover  temperatures,  but  above  3fi0°C,  this  trend  is 
interrupted  by  what  may  be  either  a  discontinuity  or  a  decrease  in 
apparent  activation  energy.  It  is  significent  that  the  temperature 
cited  coincides  with  that  at  which  Jacobs  and  Russell-Jones  (ip6p) 
apparently  encountered  anomalous  effects  (acceleratory  decomposition 
rates),  Krauetle  attributed  this  effect  both  to  difficulties  in  obtain 
ing  sublination  rates  which  did  not  increase  with  tine  and  to  the  possi 
bility  of  non-uniform  temperatures {  the  abruptness  of  the  observed 
change  in  trend  was  not,  however,  rationalized. 

Also  reported  were  scanning-electron  micrographs  of  several  sub¬ 
limed  surfaces,  and  these  indicated  a  highly  porous  surface  with  pores 
of  order  3  to  30  urn  both  djro.'S  and  in  depth, 

II.  C  SUMMARY 

It  appears  that  up  to  at  least  300°C  there  is  a  strong  liklih  ood 
that  Ar  pyrolysis  experiments  (isothermal)  have  involved  diffusion- 
controlled  subliration.  The  apparent  activation  energies  (ca,  30 
kcal/nole)  and  the  pressure  dependencies  of  the  isotherral  pyrolysis 
data  of  Russell-Jones  (lpA)  and  Krauetle  (lpAp)  project,  such  a  view  in 
light  of  the  diffusion-controlled  AP  sublination  model  of  Guirao  and 


Williams  (19^9). 

The  more-scattered  linear-pyrolysis  data  sho\/,  on  the  other  hand, 
lover  apparent  activation  energies  (12  to  23  kcal/nole)  at  higher 
surface  temperatures  (above  about  li75°f).  For  the  test  conditions  used, 
rate -controlled  sublimation  coupled  vith  visible  gas-phase  reaction  of 
the  pyrolyzate  is  indicated;  while  not  inconsistent  with  any  experi- 
mental  results,  this  speculation  is  not  well-supported  by  them,  largely 
because  of  the  impossibility  of  estimating  surface  conditions  (e.g., 
pyrolyzate  partial -pressures)  accurately  enough. 

At  intermediate  surface  temperatures  (in  the  range  380°  to  ^75°C), 
linear-pyrolysis  experiments  have  shown  either  a  discontinuous,  order- 
of-magnitude  decrease  in  rates  for  1-atm  test-pressures  (Lieberherr 
(1967))  or  no  abrupt  decrease  for  Dover  test  -pressures  (Fowling  (19^7)). 
These  facts  can  be  speculated  as  arising  from  sublimation  which  is  un¬ 
opposed  by  recondensation  even  at  high  pressures  so  long  as  pyrolyzate 
is  consumed  by  the  visible  pas-phase  reaction  (at  high  temperatures); 
recondensation  can  be  negligible  even  at  low  temperatures  without  gas- 
phase  reaction  if  the  pressure  is  low  enough.  Higher  pressures  and 
low  temperatures  may,  however,  lead  to  opposing  recondensation  (due  to 
the  absence  of  gas-phase  reaction  at  low  temperatures).  Again,  however, 
it  is  impossible  to  estimate  actual  surface  conditions  accurately 
enough  to  test  such  a  speculation. 

The  linear-pvrolysis  data  typically  evidence  lover  apparent 
energies  than  do  isothermal -pyrolysis  data.  This  may  arise  from  errors 
in  surface  temperature  measurements  for  the  linear-pvrolysis  experiments 
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or  it  may  reflect  a  change  in  mechanism  between  the  two  cases,  possibly 
related  to  the  discontinuity  in  rates  observed  by  Krauetle  (1969)  at 
about  '380OC. 

These  matters  could  be  largely  resolved  by  a  linear-pyrolysis 
technique  which  allows  more  accurate  prediction  (and  control)  of  surface 
conditions  during  pyrolysis  and  by  a  technique  which  is  not  subject  to 
the  same  temperature-measurement  errors  as  hot-plate,  linear-pyrolysis 
experiments.  Such  a  technique  is  reported  in  the  next  chapter. 
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CHAPTER  III  -  FXPEP IMETTTAL  APPROACH 

'Hie  purpose  of  this  chapter  is  to  describe  both  pyrolysis 
experiments  and  various  supporting  experiments  and  calculations  wnich 
were  carried  out  ?n  order  to  characterize  the  linear  pyrolysis  of  AP. 

III.  A  MEASUFai  bNT  OF  LINEAR-PYROLYSIS  CHARACTERISTICS  OF  AP 

As  a  compliment  and  an  extension  of  the  previously  described 
linear  pyrolysis  techniques  and  as  an  independent  check  on  previous 
experimental  and  theoretical  results,  a  new  linear-pyrolysis  technique 
for  AP  was  developed.  The  technique  is  similar  to  that  used  earlier 
with  polymeric  pyrolysis  snecimenB  (McAJevy  and  Hansel  (1065),  Hansel 
and  McAlevy  (1966)).  [t  involves  convective  heating  of  the  AP  specimen 
by  a  hot  gas  jet  and  monitoring  of  the  infrared  emission  from  the 
pyrolyzing  surface  as  a  measure  of  surface  temperature.  In  this  way, 
the  relationship  between  regression  rate  and  surface  temperature  during 
pyrolysis  is  obtained.  Figure  III-l  depicts  the  overall  experimental 
arrangement  and  Figure  III-2  details  the  specimen  holder.  Exneri- 
mental  details  are  described  below. 

The  advantages  of  this  pyrolysis  method  are  the  same  as  those 
attributed  above  to  the  diffusion-flame  approach  (relative  to  other 
AP  pyrolysis  techniques  used  previously).  In  addition  (relative  to 
the  diffusion  flame  approach),  this  method  has  the  advantage  of  elimin¬ 
ating  the  need  for  a  high-temnerature  diffusion  flame  as  a  driving 
force  for  heat  transfer  to  the  surface.  This  advantage  has  two 
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FIGURE  III 


1:  SCHEMATIC  OF  EXPERIMENTAL  APPARATUS  FOR  LINEAR-PYROLYSIS 
-  OF  AP  m.  CONVECTIVE  HEATING  WITH  INFRARED  SPECTRARADIOMETRY 


COOLING  GAS 


FIGURE  1 1 1-2:  DETAIL  OF  SPECIMEN  HOLDER  FOR  AP  LINEAR-PYROLYSIS  APPARATUS 
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aspects:  first,  it  is  not  inherently  necessary  to  make  radiometric 
measurements  via  a  lJne-of-sight  through  the  high-temperature  diffusion 
flame  and  its  products;  second,  it  is  much  more  straightforward  to 
estimate  surface  conditions  (e.g.,  pyrolyzate  nartial  pressure)  if  the 
gas-phase  above  the  pyrolyzing  surface  is  not  complicated  by  the 
presence  of  a  diffusion  flame  which  serves  as  a  "sink"  for  reactive 
pyrolysis  products,  thereby  influencing  surface  conditions. 

The  main  disadvantage  of  the  infrared  method  for  determining 
surface  temperatures  is  the  need  for  knowing  the  spectral  emittance 
of  the  radiating,  pyrolyzing  surface  at  high  temperatures. 

III.A.l  AP  Specimens 

The  AP  specimens  used  in  the  work  reported  here  were  made  by 
pressing  l6-vir.  AP  powder  (hammer-milled  from  commercial,  uncoated 
stock)  at  a  nominal  pressure  of  16,000  psi.  Appendix  A  describes 
details  of  sample  preparation.  Most  of  the  specimens  were  "wet-pres¬ 
sed"  after  exposing  this  powder  to  a  water-saturated  air  atmosphere 
(l  atm.,  25°C)  for  several  days.  The  resulting  pressings  were  then 
dried  for  several  days  over  silica  gel.  This  wet-pressing  method 
was  found  to  minimize  break-up  of  samples  during  sample  preparation  and 
pyrolysis  testing.  Such  fracture  and  breakup  of  specimens  was  a 
recurrent  oroblem  in  early  stages  of  the  present  study  and  has  been 
reported  by  others  (Friedman  (19^7) ,  Barrere  and  Williams  (1968)). 

* 

This  material  was  graciously  provided  by  the  Solid  Propellant  Labora¬ 
tory,  Princeton  University. 
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After  drying;  the  specimens  were  formed  into  cylinders  of 

x  non" 

.156"  *  _,t  diameter  and  of  .5"  to  1.5"  length.  Because  of  the  frag- 

—.003 

ility.of  such  specimens,  a  jig  was  designed  and  used  for  this  forming 
(see  Appendix  A). 

The  sample  diameter  was  selected  so  as  to  be  small  enough  to  allow 
the  end  of  the  sample  to  be  uniformly  heated  by  the  0.20"  diameter 
hot-gas  jet  available  from  an  existing  laboratory  gas  rocket  (Hansel 
( 196U ) ) .  To  allow  rational  selection  of  specimen  diameter,  assessment 
of  the  area  of  unifoim  heating  by  such  a  Jet  vrs  made  by  impinging  the 
Jet  on  large,  flat  Plexiglas  specimen  and  measuring  the  area  over  which 
the  Plexiglas  ablated  to  a  nearly  uniform  depth  during  short  firings  of 
the  gas  rocket. 

Specimen  diameter  was  carefully  controlled  in  order  to  provide  a 
close  fit  between  the  specimen  and  the  bore  of  a  specimen  holder.  A 
close  fit  was  found  necessary  in  order  to  preclude  hot-gas  Jet  pene¬ 
tration  between  the  specimen  and  its  holder.  Such  penetration  had 
been  found  earlier  in  this  program  to  be  a  cause  of  specimen  breakup 
during  pyrolysis  testing. 

III.A.2  Apparatus 

III. A. 2a  Ga?_  Rocket 

The  gas  rocket  was  fired  with  methane  and  O^-enriched  air 
(31%  O^-N,,)  un<*er  conditions  close  to  those  used  previously  (Hansel 
(196V)).  Details  of  the  operating  characteristics  are  contained  in 
Appendix  B,  The  range  of  operating  conditions  used  in  the  present 
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study  involved  fuel-l£an  mixtures  in  the  combustion  chamber  and  pro¬ 
vided  exhaust  gas-jet  velocities  of  about  600  ft/sec  to  lfiOO  ft/sec 
and  jet  temperatures  of  about  500°C  to  2000°(!. 

III. A. 2b  APJ3necimen_  _Holder_ 

The  cylindrical  specimens  of  pressed  AP  were  held  during  pyrolysis 
testing  within  a  specimen  holder  (shown  partially  in  Pig.  III-3).  This 
holder  restricted  exposure  tc  the  impinging  hot-gas  jet  to  the  exposed 
end  of  the  specimen  and  prohibited  heating  on  the  sample  sides.  The 
holder  also  was  equipped  with  a  circular  flat  plate  surrounding  the 
exposed  specimen  face;  this  plate  was  provided  in  order  to  force  the 
impinging  jet  into  a  configuration  which  could  be  aerodynamic ally 
modeled  in  the  neighborhood  of  the  specimen  face;  previous  use  of 
impinging  jets  for  heating  pyrolyzing  (elastic)  specimens  did  not 
provide  so  tractibl4  a  flow  field  at  the  sample  face  (Hansel  (196*0). 
The  specimen  holder  was  water-cooled  in  order  to  preclude  pre-heating 
of  the  specimen  by  heat  conducted  from  the  flat  plate  through  the 
holder  parts  to  the  sample. 

Ill  .A. 2c  Infrare_d_$£ectr_aradi£nete_r 

An  unmodified  f’erkin-Elmer  Model  112  spectrometer  was  used  to 
monitor  infrared  emission  from  the  pyrolyzing  surface.  The  soectro- 
meter  included  a  double-pass  Littrow  monochromator  with  thermocouple 
detector,  HaCl  prisiii,  amplifier,  and  chart  recorder.  Radiant  fluxes 
were  measured  over  A  spectral  slit  width  (half-energy)  of  0.069  ym 
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INFRARED  WINDOW  WITH  WALL  JET 


FIGURE  1 1 1-3:  PHOTOGRAPH  OF  AP  SPECIMEN  HOLJER 
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centered  at  wavelength  of  3.05  um. ,  the  center  of  a  ( stretching)  '■’'ibra- 
tional  band  of  the  ammonium  ion.  A  resonant  absorption  wavelength 
was  chosen  so  as  to  minimize  the  optical  transparency  of  the  pyrolyz- 
ing  surface.  This  particular  wavelength  was  selected  in  order  to 
maximize  radiant  emission;  at  the  temperatures  of  concern  in  this 
investigation,  the  3.05  ym  wavelength  yields  almost  two  orders  of 
magnitude  more  radiant  emissive  power  than  other,  longer  wavelengths 
of  resonant  absorption  by  AP  (7.1  urn  and  9.3  ym).  The  3.05  um  wave¬ 
length  was  also  convenient  for  radionetry  because  an  infrared  window 
was  found  near  this  wavelength  in  the  gas-rocket  exhaust  Jet  (see 
Appendix  C).  The  spectral  blit  width  was  approximately  one-third  the 
spectral  width  of  the  ammonium-ion  absorption  band  (as  indicated  by 
thin-film  transmission  data  at  low  temperatures,  ca.  100°C;  Fowling 
and  Smith  (1962)). 

The  slit  height  used  was  about  1.5  mm.  and  the  physical  slit  width 
was  250  um.  A  toroidal  mirror  was  used  to  image  the  pyrolyzing  surface 
at  a  magnification  of  1.3  on  the  slit.  The  optical  axis  of  the  emitted 
radiation  which  was  monitored  was  inclined  at  about  65°  to  the  surface 
normal  in  order  that  the  monitored  radiation  clear  the  gas  rocket 
(Fig.  III-l).  This  oblique  view  along  with  the  given  slit  dimensions 
and  magnification  led  the  spectrometer  to  collect  radiation  from  an 
area  about  1.1mm  x  0.65mm  on  the  specimen  surface. 

*  1 

This  center  wavelength  was  established  from  the  absorption  measure¬ 
ments  by  the  author  on  a  thin  AP  film  graciously  nrovided  by  J.  Powl- 
ing  of  E.R.D.E.,  United  Kingdom.  The  band  is  due  to  vibrational 
stretching  of  the  TI— H  bond  of  the  ammonium  ion  (Bellamy  (195$). 
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1 1 1 .  A .  2d  Auxiliary  £qui.£ment> 

A  lead-screw  and  push-rod  were  provided  in  order  to  advance  the 
AP  specimen  manually  and  maintain  the  pyrolyzing  surface  in  the  plane 
of  the  specimen-  holder  plate  (Fig.  1 1 1—2 ) •  A  potentiometric,  linear- 
motion  transducer  and  chart  recorder  were  used  to  record  specimen 
displacement  as  a  function  o'  time. 

In  order  to  protect  the  auxiliary,  external  optics  and  to  minimize 
escape  of  pyrolysis  products  into  the  laboratory,  hoods  were  provided, 
one  over  the  optics  and  one  over  the  sample  holder.  The  optics  hood 
included  a  12  x  12  x  2mm  NaCl  window  which  allowed  radiation  to  pass 
though  the  hood  to  the  spectrometer;  the  window  was  protected  from 
corrosive  gases  by  a  wall  jet  of  cool,  compressed  air  from  a  specially- 
designed  window  mount  (visible  in  Fig,  III-3).  The  sample-holder  hood 
had  a  Plexiglas  window  on  one  side  to  allow  the  pyrolyzing  surface  to 
be  seen  during  testing;  a  6"-diameter  exhaust  duct  was  mounted  atop  the 
hood . 

III. A. 3  Test  Procedure 

During  each  test  run,  the  spectrometer  was  used  to  record 
successively  the  radiation  from:  (i)  an  accurate  (±2.5°C)  blackbody 
source  (Barnes  Eng'g.  Model  11-200),  (ii)  the  pyrolyzing  specimen, 
and  (iii)  from  the  blackbody  (again).  The  l/2"-dia.  aperture  of  the 
blackbody  was  aligned  normal  to  and  centered  on  the  optical  axis  of 
the  spectrometer  at  the  same  axial  station  as  that  whore  the  specimen 
was  mounted.  This  provided  reference  radiation  icvels  with  which  the 
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radiation  from  the  pyrolyzing  surface  could  be  compared.  After  each 
test  firing  (with  simultaneous  recording  of  radiant  emission  from  the 
pyrolyzinr,  surface  and  of  specimen  displacement  vs.  time),  the  black- 
body  was  replaced  for  a  check  of  the  originally-recorded  reference 
levels.  The  last  step  was  necessary  as  a  check  that  the  window  near 
the  test  specimen  had  not  been  fogged  during  the  test  and  that  exces¬ 
sive  drift  of  the  instrumentation  system  had  not  occurred  during  fir¬ 
ing.  Since  experience  gradually  showed  this  check  to  be  normally 
unnecessary,  it  was  eventually  discontinued  and  checks  were  taken  only 
at  the  beginning  and  completion  of  each  series  of  tests.  The  only 
data  lost  because  of  window-fogging  were  those  obtained  when  the  wall 
jet  over  the  window  was  inadvertently  left  off. 

III.A.l*  Data  Reduction 

Example  records  of  reference  radiation  levels  and  test  radiation 
levels  as  obtained  from  the  chart  recorder  of  the  spectrometer  are 
shown  in  Fig.  III-U.  In  Fig.  III-5,  an  example  displacement-vs-tlme 
record  for  the  specimen  is  shown. 

Ill  .A . Ua  Re£ression_Rate_ 

Each  rate  reported  is  a  mean  rate  obtained  from  the  slope  of  a 
visually-fitted  straight  line  on  the  dlsolacement-vs-time  record. 
During  some  tests,  fracture  of  the  specimen  led  to  one  or  several 
discontinuities  in  these  records;  In  such  cases,  the  uniform  regres¬ 
sion  between  discontinuities  were  treated  separately  along  with 


FIGURE  1 1 1-4:  EXAMPLE  RECORD  OF  MEASURED  INFRARED  RADIATION 
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corresponding  time-intervals  on  the  spectrometer  record. 

It  was  assumed  that  any  irregularities  in  the  disnlftcenent-vs-time 
records  would  be  evidenced  as  scatter  in  the  regression  rate-vs-surface 
temperature  data,  and  therefore,  no  attempt  was  made  to  estinate  pos¬ 
sible  errors  in  measuring  regression  rates.  It  was  ascertained,  how¬ 
ever,  that  the: 3  were  no  visually-apparent  systematic  variations  in 
the  displacement-vs-time  records,  e.g.,  no  trends  toward  more  non- 
uniform  regression  at  higher  regression  rates. 


III.A.Ub  Surface.  ^r^ghtnes.s_Temnerature 


Surface  brightness  temperatures  were  determined  by  comparing 

recorded  reference  and  test  radiation  levels.  Variations  in  test 
* 

levels  vere  accounted  for  by  determining  brightness  temperatures  at 

the  extremes  of  such  fluctuations.  Since  test  radiation  levels  were 

not,  generally  identical  with  black-body  reference  levels,  surface 

brightness  temperatures  (T  )  were  calculated  using  Planck's  law  and 

B 

assuming  that  the  recorded  levels,  and  (from  the 

surface  and  black  body,  respectively),  were  proportional  to  correspond¬ 
ing  values  of  Planck's  (spectral)  specific-intensity  function  expressed 
on  a  wavelength  basis,  E, (T_)  and  B,  (TV.„,),  respectively. 

A  D  /  AJif 


Thus! 


BX  'V  "  “x  <W  fo  y  ■ 

SAX  lTREr 


From  B, (Td),  the  surface  brightness  temperature  follows  immediately. 
A  n 


s - 

Arising  from  small  variations  in  specimen  location,  occasional,  speci¬ 
men  fracture,  and  spectrometer  noise. 
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O 

rhis  temperature  and  its  inverse  (10/TR)  were  determined,  in  practice, 

directly  from  the  ratio  of  recorded  signal  levels  with  the  aid  of  pre- 

3 

calculated  tables  relating  T  and  10  /T_  to  T___,  X  ,  and  signal 

D  13  RLr 

ratio,  Sx^TB^Sx^TREF^* 

III.B  SUPPORTING  EXPERIMENTS  AND  CALCULATIONS 

Various  supporting  experiments  were  carried  out  in  order  to 
characterize:  the  gas-dynamic  behavior  of  the  convective-heating 
source,  the  extent  of  gas-phase  infrared  emission,  and  the  influence 
of  various  experimental  parameters  (e.g.,  source  of  AP)  on  the  measured 
"elation  between  regression  rate  and  surface  temperature.  These 
supporting  experiments  and  calculations  are  described  below. 

III.B.l  Influence  of  Source  of  AP  and  Preparation  of  Samples 

Pressed  AP  was  obtained  from  other  laboratories  where  AP  pyrolysis 
and  deflagration  studies  have  been  carried  out.  Specifications  of 
these  samples  are  contained  in  Appendix  A.  No  significant  differences 
in  pyrolysis  were  detected  using  the  samples  from  the  various  sources. 
The  results  of  those  tests  on  comparison  samples  In  which  surface 
temperatures  were  deteimined  are  reported  in  Table  A-3  along  with 
results  from  samples  made  during  the  present  investigation.  Rome 
comparisons  were  made  early  In  this  study  simply  on  the  basis  of  the 
equality  of  regression  rates  obtained  with  a  fixed  gas-rocket  operat¬ 
ing  condition.  These  results  appear  only  In  Appendix  A. 

Tests  of  the  sensitivity  of  pyrolysis  data  to  the  manner  of 
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pressing  ("wet"  vs.  "dry";  see  Appendix  A)  also  indicated,  within 
normal  data  scatter,  no  dependence  on  A P  pressing  method.  The  results 
o?  all  such  tests  are  reported  here,  undifferentiated  except  in  Table 
J-3  (Appendix  J). 

III.B.2  Influence  of  Monitoring  Wavelength 

Comparable  regression  rate  vs.  surface-brightness-tenperature 
data  were  taken  at  two  different  wavelengths  within  the  3  pm.  absorp¬ 
tion  band  of  AP,  3.05  pm.  and  3.1**  pm.;  3.05  pm.  being  the  best 
estimate  of  the  center  of  the  band  as  mentioned  above  (see  Section  III. 
A. 2,  above). 

These  two  wavelengths  differ  by  more  than  the  spectral  slit-width 
(.07  pm)  used  in  the  measurements.  There  was  no  evidence  of  anv 
dependence  of  measured  pyrolysis  characteristics  on  radiometric 
wavelength  (Appendix  C).  This  indicated  that  the  surface-temperature 
measurement  method  was  not  critically  dependent  on  spectraradiometric 
parameters  such  as  central  (nominal)  wavelength  or  spectral  slit  width. 
Checks  of  this  sort  have  not  been  renorted  in  previous  spectraradio¬ 
metric  pyrolysis  studies  (Hansel  (196U),  Fowling  and  Omith  (1962,  1963, 
1965)).  Apparently,  under  the  conditions  of  this  study,  the  A^  surface 
is  radiatively  "gray"  in  the  neighborhood  of  the  wavelengths  tested. 
Spectral  scans  taken  during  pyrolysis  test  also  suggested  that  such 
was  the  case  (Appendix  C). 

The  physical  cause  of  such  favorable  wavelength  independence  may 
be  either  (or  a  combination)  of  several  phenomena.  First,  the  surface 
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may  be  so  rough  as  to  make  surface  emittanca  a  very  weak  function  of 
material  properties  and,  therefore,  to  yield  an  emittance  which  is 
near  unity  and  is  essentially  constant  over  at  least  small  wavelength 
range.  This  possibility  seems  unlikely  in  the  present  case,  judging 
from  the  low  emittances  (e.g.,  0,8)  which  have  been  measured  at  the 
resonant  wavelength  of  AP  by  Powling  and  Smith  (1965).  Second,  the 
absorption  band  may  become  broad  at  elevated  temperatures.  This 
could  result  in  little  change  in  emittance  over  wavelength  ranges 
which,  in  contrast,  might  still  show  substantial  spectral  variations 
in  emittance  or  absorption  coefficient  at  low  temperatures.  Sufficient 
data  are  neither  available  nor  readily  obtained  to  allow  judging  the 
liklihood  of  this  possibility.  Third,  sub-surface  temperature  gradi¬ 
ents  during  pyrolysis  may  be  so  small  as  to  render  effectively  iso¬ 
thermal  even  the  relatively  thick  surface  layers  contributing  to 

s'; 

surface  emission  at  non-resonant  wavelengths  .  However,  by  its' if,  this 

effect  will  not  be  manifested  as  "gray"  behaviour  since,  within  strong 

absorption  bands,  even  isothermal  emitters  do  not  show  spectrally 

invariant  emittances  (see  Ditchburn  (1963),  p.  553)  , 

The  results  of  tests  at  different  radiometric  wavelengths  are 

reported,  undifferentiated  except  in  Table  J-3  of  Appendix  J. 

Based  on  Powling  and  Smith's  absorption  data  for  AP  (1962),  the  photon 
nean-free-path  at  the  resonant  wavelength  of  3.05  pm  is  less  than  1pm. 
Under  the  conditions  of  the  present  experiments,  the  largest  temperature 
change  over  a  distance  of  1  pm  in  the  solid  is  about  3°C. 

**if  -the  absorption  data  of  Powling  and  Smith  (1962)  and  Fresnel's 
reflection  law  (Sparrow  and  Cess  (1966),  pp.  67-69)  are  used,  the 
emittance  of  AP  can  be  estimated  to  decrease  by  10  to  15%  at  the  center 
of  the  3.5  pm  absorption  band. 
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III.B.3  Influence  of  Gas-Rocket  Operating  Conditions 

To  check  the  sensitivity  of  the  results  to  details  of  the  imping¬ 
ing  hot-gas  Jet  used  for  heating,  pyrolysis  data  were  taken  for  two 
different  oxidizer-gas  supply-pressures.  In  terns  of  r  vs.  Tn  , 

1  k ' 

the  data  appeared  superinposed  (see  Table  J-3).  This  inplied  that 
trade-offs  between  Jet  velocity  and  temperature  could  be  made  without 
observable  influence  on  r-vs.-T  trends  despite,  for  example,  a 

1  k) 

factor  of  two  variation  in  Jet  velocity.  All  such  data  are  reported 
here  undifferentiated,  except  in  Table  J-3. 

III.B.U  Influence  of  Gas-Phase  Emission 

The  influences  of  two  different  types  of  gas-phase  emission  were 
checked:  that  from  the  gas-rocket  exhaust  gas  used  for  heating  and 
that  from  pyrolysis  products  immediately  above  the  pyrolyzing  surface; 
either  or  both  of  these  sources  could  contribute,  as  errors,  to  the 
radiation  attributed  to  the  nyrolyzing  (solid)  surface  only.  Details 
of  these  checks  appear  in  Appendix  C. 

Spectral  scans  and  single  wavelength  measurements  of  radiant 
emission  from  the  hot-gas  Jet  were  made  bv  sighting  the  spectrometer 
transversely  across  the  hot  Jet  at  the  mouth  of  the  exhaust  duct. 
Spectrometer  settings  identical  to  those  used  during  pyrolysis  tests 
were  used.  The  spectral  scans  indicated  a  spectral  "window"  in  the 
Jet  at  the  3  ym  wavelength  whereas  Jet  emission  was  appreciable  at 
wavelengths  corresponding  with  the  others  AP  absorption  bands  at  7  urn 
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and  9  ym  .  Measurements  of  jet  emission  at  3.05  ym  (spectral  slit 
width  0.069  ym  )  over  a  range  of  operating  conditions  showed  such 
emission  to  he  negligible  relative  to  recorded  levels  during  pyrolysis 
at  the  same  conditions. 

The  second  potential  source  of  error  due  to  gas-phase  emission 
was  also  checked.  Three  independent  theoretical  and  experimental 
checks  indicated  no  appreciable  gas-nhase  emission  effects  due  to 
pyrolysis  products  above  the  surface. 

First,  experimental  checks  of  whether  or  not  gas-phase  emission 
is  appreciable  were  carried  out  using  the  pyrolysis  apparatus  itself. 
The  spectrometer  was  aligned  so  as  to  view  a  portion  of  the  (steel) 
specimen-holder  plate  immediately  adjacent  to  '’he  hole  through  which 
the  specimen  is  normally  passed.  Comparisons  of  the  emission  levels 
recorded  with  a  pyrolyzing  AP  specimen  in  the  holder  and  with  an  inert 
(steel)  specimen  in  place  (during  firir.,0  showed  no  differences 
within  the  reproducibility  of  the  tests  (about  5°C  for  a  brightness 
temperature  of  about  500°C  and  a  regression  rate  of  about  0.02  cm/sec). 

Second,  as  one  of  two  possible  cases,  the  emission  from  ammonia 
above  the  pyrolyzing  surface  was  estimated  assuming  that  the  ammonia 
reacts  with  perchloric  acid  above  the  surface  much  as  it  is  thought  to 
during  deflagration  of  AP.  Caseous  ammonia  with  its  broad  absorption 
band  of  about  3  ym.  is  the  most  likely  contributor  to  gas-nhase 
emission.  Using  data  from  the  high-pressure  deflagration  of  AP  (Levy 
and  Friedman  (ip62)),  Steinz  and  Cummerfield  (1969)  have  estimated,  as 
did  Levy  and  Friedman,  that  the  gas-phase  reaction  between  NH^  and 
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HCIO^  (the  presumed  products. of  AP  gasification)  occurs  very  close  to 

the  gasifying  AP  surface,  e.g.,  10  ym  at  1  atm.  If  such  is  the  case, 

emission  from  the  gas-phase  in  the  present  experiments  can  be  expected 

to  be  quite  small  since  the  mass  of  gas  participating  is  quite  small. 

The  emission  from  the  thin  gas-layer  between  a  gasifying  AP  surface 

and  the  plane  of  completion  of  the  ammonia-perchloric  acid  reaction 

# 

can  be  estimated  at  appreciably  less  than  1"  of  the  emission  at 

3.05  pm.  from  the  solid  surface  (see  Appendix  0). 

Finally,  the  boundary-layer  calculations  of  Howe  and  Mersman 

(1959)  were  used  to  estimate  roughly  the  contribution  of  NH  emission 

in  the  event  that  the  NH  did  not  react  aworeciablv  above  the  nvrrl”- 

3  *  1 

zing  surface,  While  the  calculations  of  Howe  and  Mersman  are  for  a 
homogeneous  flow  field,  they  are  thought  to  provide  a  reasonable 
estimate  owing  to  the  modest  effect  of  molecular  weight  differences  on 
transpired  boundary-layers .  Heat  and  mass  transfer  coefficients,  for 
example,  vary  approximately  as  the  molecular  weight  to  a  small  fract¬ 
ional  power,  e.g.,  0.25  to  0.50  (Anfimov  (1966)).  Through  a  small 

extrapolation  of  Howe  and  Mersman' s  calculated  trend  of  thermal 
boundary-layer  thickness  versus  mass-injection  rate  from  the  surface, 
it  was  found  that  95r  of  the  layer  was,  in  an  extreme  case,  within 
about  0,25  mm,  of  the  surface.  For  the  purpose  of  radiation 
#  .  1 

Calculatedoassuming  a  reference  spectral  absorption  coefficient  at 
1  atm,  300  K  (ca.  0.17  cm”  at  3.05  pm)  implied  by  the  measure¬ 
ments  of  France  and  Williams  (lO^M  and  assuming  (conservatively)  that 
a  linear  temperature  gradient  exists  between  the  surface  temperature 
the  AP  flame-temperature  (conservatively  estimated,  ca.07 ?°c.,  based 
on  experimental  data  'see  Fall  and  Pearson  (10^7),  ^able  21 ). 
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estimates,  similarity  uf  IIH^  concentration  and  temperature  distrib¬ 
utions  was  assumed,  and  the  distribution  of  each  was  approximated 
linearly.  On  this  basis,  emission  from  the  ammonia  was  found  to  be 
less  than  1 *  of  that  from  surface  for  a  reference  ab;  orption  coeffic¬ 
ient  of  0.17  cm”1,  at  1  atm  and  300°K  (see  Appendix  C). 

III. 3.  5  Scanning-Electron  Micrographs 

For  the  purposes  of  surface  microscopy,  approximately  15  pyrolysis 
tests  were  made  by  interrupting  pyrolysis  before  the  entire  AP  specimen 
had  been  pyrolyzed.  This  was  done  simply  by  shutting  the  solenoid 
valves  of  the  gas-rocket  gas-supply  during  the  test. 

Pyrolysis  was  interrupted  at  a  time  when  the  specimen  was  still 
long  enough  so  that  the  "thermal  wave"  had  not  fully  penetrated  the 
solid  AP,  i.e.,  such  that  the  surface  process  might  still  be  expected 
to  be  independent  of  the  finite  specimen  length. 

After  interruption  of  heating,  the  specimen  was  advanced  until  it 
fell  from  the  specimen  holder  into  a  padded  retrieval  box.  Because  of 
+his  process,  some  chipping  at  the  edges  of  the  specimens  was  observed, 
but  there  was  no  serious  damage  of  the  pyrolyzed  surface.  The  specimens 
were  then  mounted  within  glass  vials  containing  silica  gel  and  dry 

nitrogen,  and  these  were  shipped  to  the  Naval  Weapons  Center,  China 

* 

Lake,  California,  for  micrography  . 

Scanning-electron  micrographs  of  the  pyrolyzed  surfaces  were  taken 
at  a  variety  of  magnifications.  Before  microscopy,  the  specimens 

received  a  vacuum  coating  of  a  few  hundred  Angstroms  of  gold-palladium. 

i 

Through  the  good  offices  of  E. Price  and  T.  L.  Boggs,  Naval  Weapons 
Center 


CHAPTER  IV  -  EXPERIMENTAL  AND  ANALYTICAL  RESULTS 


IV. A  AP  PYROLYSIS  CHARACTERISTICS 

Table-  J-3  of  Appendix  J  summarizes  the  repression  rate  vs.  surface 

brightness-temperature  data  obtained  in  this  investigation,  including 

data  from  the  various  checks  of  validity  described  in  Section  III.B. 

* 

Figure  IV -1  illustrates  these  data  along  with  the  fitted-lines 
obtained  from  least-squares ,  linear  regressions  for  the  data  (see 
Appendix  E).  Table  IV-1  shows  the  parameters  derived  from  the  least- 
squares  fits  to  the  data  and  allows  comparisons  with  the  regression 
rate  vs.  surface  temperature  results  of  others  (see  Table  II-l). 

As  detailed  in  Appendix  E,  the  least-squares  fits  allow,  by  way 
of  corresponding  standard  estimates  of  error,  discernment  of  a  small 
discontinuity  in  the  observed  trend,  i.e.,  an  abrupt  increase  in 
regression  rate  for  surface  brightness  temperatures  on  the  order  of 
U75°C,  This  discontinuity  appears  to  involve  only  a  small  change  in 
apparent  activation  energy.  The  fitted  lines  also  indicate  a  regime 
at  high  surface  brightness  temperature  for  which  this  temperature  is 
nearly  constant.  It  is  noteworthy  that  the  low  scatter  of  the  present 
results  has  made  these  observations  possible;  they  would  have  been 
impossible  to  draw  from  data  as  highly  scattered  as  the  earlier  linear 
pyrolysis  data  of  other  workers. 


'•Horizontal  lines  indicate  range  of  temperatures  recorded  during  each 
test  (see  III. A. lib, above) . 
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(°c) 

io3/tb 
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Fitted 
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TABLE  IV-1  -  SUMMARY  OF  KINETIC  PARAMETERS  FROM  SEVERAL  LEAST-SQUARES 


FITS  TO  THE  PRESENT  LINEAR-PYROLYSIS  DATA  (SEVERAL 
FUNCTIONAL  FORMS) 


IV.  B  SUPPORTING  EXPERIMENTAL  RESULTS 


IV.  B.l  Photographs  of  the  Surfaces  of  Specimens  Quenched  During 
Pyrolysis 

Scanning  electron  micrographs  of  quenched  surfaces  are  shown  in 
Figures  IV-2  and  IV-3  for  both  intermediate  and  extreme  test  conditions. 
Photographs  like  these  showed  no  systematic  trend  in  surface  structure 
and  corroborated  that  regression  during  pyrolysis  was  macroscopically 
planar  (Fig.  IV-2)  but  microscopically  stepped  and/or  porous  on  a 
scale  of  approximately  10  to  30  urn  (Fig.  IV-3).  There  is  some  evid¬ 
ence,  though  inconclusive,  that  the  "steps"  on  the  surface  grow  less 
distinct  at  higher  rates  and  surface  temperatures .  Many  of  the 
structures  observed  compare  closely  with  those  reported  by  Krauetle 
(1969)  from  isothermal  sublimation  studies  at  lower  temperatures  and 
with  those  reported  bv  Boggs  and  Krauetle  (1969)  for  CH4-AP  diffusion 
flames  at  near-atmospheric  pressures. 

Figure  IV-2  shows  some  cracking  and  a  locally  near-planar  surface 
ft 

but  with  some  "dishing"  .  Dishing  was  often  apparent  macroscopically, 
but  often  visual  inspection  of  the  specimens  showed  much  less  surface 
irregularity  than  is  apparent  in  Fig.  IV-2.  Much  or  all  of  the  surface 
cracking  may  result  from  the  polymorphic  phase-change  (and  density 
change)  of  AP  during  cooling  of  the  surface  layer  from  test  conditions; 
cracking  b'is  been  observed  by  Boggs  (1970)  on  single-crystals  of  AP 
which  have  been  cooled  from  deflagration  conditions, 

ft  — 

The  chipping  apparent  at  the  edges  is  probably  due  to  the  retrieval 
method  used  to  obtain  the  specimens;  see  page  64,  above. 


( 1 70  X  MAGNIFICATION  ) 
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IV. C  SUPPORTING  ANALYTICAL  RESULTS 

IV.C.l  Estimates  nf  Convective  Surface  Heat,  Fluxes 

' Ptapnation-point  convective  heat-transfer  Analysis  was  used  as  a 

basis  for  estimatinp  surface  heat-flux  durinp  pyrolysis.  Details  o-f 

the  simplified  analysis  used  are  presented  in  Apnendix  F;  the  results 

of  the  analysis  (based  on  numerical  solution  for  laminar,  convective 

heating  by  a  compressible  fluid  near  a  starnation  point  (Reshotko  .and 

Cohen  (1955))  are  shown  in  Fipure  IV-4  as  plots  of  surface  heat  flux 

vs.  pyrolysis  rates  for  several,  different  cases.  The  results  shown 

are  based  on  surface  temperatures  derived  from  brightness  temperatures 

* 

with  the  assumption  of  an  emittance  value  of  0.7?  .  As  nointed  out 
below  (flection  V.A),  this  is  a  likely  minimum  value  for  the  emittance. 
Larper  values  (up  to  unity)  have  little  effect  on  the  pood  correlation 
shown  in  Fip.  IV-4.  Appendix  F  also  notes  other  alternative  approaches 
to  estimatinp  heat  flux,  these  havinp  been  ludped  impractical  for  the 
present  purposes. 

IV. C. 2  Estimates  of  P^Tolyzate  Partial  Pressures  at.  the  fur-face  and 
Corresnondinp  Vacuum  Sublimation  Rates 

Partial -pressures  of  the  paseous  products  nr  pyrolysis  above  the 

pyrolyzinp  surface  were  estimated.  These  estimates  were  obtained  usinp 

* 

For  simplicity,  most  references  to  specific  surface  temperatures  in 
the  following  sections  deal  with  temperatures  derived  by  assuminp 
e  =  0.7?.  It  should  be  recopnized  (see  Tection  V.A,  below)  that  this 
value  is  neither  certain  nor  crucial  to  the  interpretations  piven 
herein. 
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the  approach  fraldirg  to  relate  heat  and  nnss  transfer  in  convective 
flow  fields  (Spalding  ( 1963); «  "his  approach,  based  on  Beholds  Hypo¬ 
thesis  and  the  assumption  of  unity  Lewis  Humber,  was  used  along  with 
the  following  assumptions  to  deduce  the  nass  fractions  and,  hence, 
the  partial  pressures  of  the  pyrolyzate  gas  at  the  surface: 

(l)  the  pyrolyzate  can  be  considered  as  a  single  species  which 
is  an  equimolar  mixture  o**  HH  and  POIO^ ,  the  nroducts  of 
dissociative  sublimation  of  AP, 

(?)  specific  heat  and  thermal  conduct ivitv  do  not  vary  in  the 
gas  phase, 

(3)  the  specific  heat  of  solid  AP  is  constant  at  0.30  cnl/rqn-0):, 
(U)  reactior  occurs  at  the  surface  only  and  is  endothermic  at 

58.?  kc-h/mole  of  AP  (heat  of  sublimation  of  AP,  Inani  et  al. 

(1963)), 

(5)  the  nyrolyzate  and  the  imoinginr-.let  ras  are  ideal  gases, 

((')  the  impinging  gas-iet  has  the  (measured)  temperatures  and 

stagnation  nressures  described  in  Aopendix  B. 

The  results  of  these  estimates  are  given  in  Table  IV-?.  The  details 

of  the  estimation  nrocedure  are  given  in  Anorndix  P,  and  the  results 

are  indicated  in  Firure  IV-5.  In  this  figure,  rea.sured  rates  (r)  have 

been  scaled  un  to  represent  pyrolysis  rates  in  vacuo  (r  )  accord- 

—  . .  vac 

ing  to  Eq.  (1-5).  Only  those  rates  corresnonding  to  surface  tempera¬ 
tures  below  500°C  have  been  scaled  in  this  way  because  of  evidence 
that  higher-temnerature  rates  are  already  essentially  vacuum  rates 

owing  to  gas-phase  reactions  at  high  temperatures  (see  Fectior.  V.B.lb, 
below.) 
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CHAPTER  V  -  INTERPRETATION  OF  RESULTS 

V.A  SURFACE  TMPERATURES 

Surface  brightness  temperatures  (T  )  were  measured  in  the  pre- 

a 

sent  investigation,  and  these  may  serve  as  a  basis  for  deducing  surface 
temperatures  (T^).  Such  deductions  depend  on  the  value(s)  of  surface 
emittance  during  pyrolysis.  Earlier  studies  involving  radiometric 
measurements  of  the  surface  temperature  of  AP  have  employed  extrapola¬ 
tions  of  emittance  measurements  at  low  temperatures  to  deduce  surface 
temperatures  (Powling  and  Smith  (1962,  1963)). 

Extrapolation  of  low-temperature  AP  emittances  is  apparently 
tenable  for  deducing  surface  temperatures  over  most  of  the  range  of  the 
present  results  but  has  little  foundation  if  the  high  brightness- 
temperature  regime  (T  =  530°C)  of  the  present  data  is  being  considered 

iJ 

(see  Fig.  IV-l).  This  high-temperature  regime  may  involve  a  different 
sublimation  mechanism  and,  hence,  a  different  surface  structure.  Of 
the  regimes  studied,  this  regime  is  probably  the  most  closely  related 
to  the  pyrolysis  occuring  during  propellant  combustion.  In  the  con¬ 
text  of  describing  combustion  situations,  prime  interest  in  the  future 
will  probably  lie  in  this  regime  rather  than  those  at  lower  tempera¬ 
tures  for  which  emittance  measurements  and  extrapolations  are  tenable.' 
for  these  reasons,  re-measurement  of  AP  emittance  values  at  low  temp¬ 
erature  was  Judged  of  marginal  value,  and  earlier  measurements  were 
used  as  a  basis  for  deducing  surface  temperatures  from  the  brightness 
temperatures  of  this  investigation. 
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Reasonable  linits  for  the  surface  temperatures  implied  by  the 

present  brightness  temperature  measurements  can  be  set  on  the  basis  of 

the  normal  emittanee  measurements  of  Povlinp  and  Smith  (198?).  As  a 

reasonable  upper  limit  on  surface  emittanee,  the  most  -  .ently  reported 

emittanee  value  of  Powling  and  Fmith  (lo£s)  was  chosen  (0.83).  This 

value  was  measured  normal  to  heated  AP  surfaces  (?00°  to  3^0°C)  ,  and 

the  emittanee  is  reportedly  nearly  Independent  of  temperature.  As  a 

reasonable  lower  limit  for  the  emittanee  in  the  present  circumstances, 

Fresnel’s  reflection  law  (Fparrow  and  Cess  (19 ()('))  for  optically  flat 

* 

surfaces  of  optically  absorbing  materials  was  used  .  With  an  estimate 

of  the  absorption  coefficient  of  AP  at  3.1  pm  (k:  ,  =  15.000m”1* 

3.1  urn  ’  ’ 

Fowling  and  Smith  (1965))  and  a  conservative  estimate  for  the  index  of 
refraction  of  AP  at  the  same  wavelength  (n^=  1.00)  ,  the  ratio  of 
normal  and  oblique  spectral  emittances  was  established  for  the  emissiop 
direction  used  in  the  present  experiments  (85°  to  the  normal).  This 
value  (0.87)  multiplied  by  the  normal  emittanee  (O.83)  pave  a  lower 
bound  for  the  emittanee  characteristic  of  the  present  measurements 
(0.7?).  On  this  basis,  the  pyrolysis  characteristics  of  AP  may  be 
expressed  as  shown  in  Fin.  V-l  which  is  based  on  the  results  in  Fin's. 
IV-1  and  IV-5. 

If  the  emittanee  is  assumed  constant  over  the  temperature  ranne 

of  interest,  the  effect  of  considering?  different  (constant)  emittances 

# 

This  approach  is  based  on  the  premise  that  scatterinn  of  infrared 
radiation  within  pressed  AP  samples  is  unimportant.  The  data  of 
Powlinp  and  Fmith  (198?)  for  the  transmittance  of  an  PO-pm-thi cl: , 
pressed  AP  sample  support  this  premise. 
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is  very  nearly  a  simple,  uniform  displacement  of  data  points  (horizon¬ 
tally)  on  coordinates  like  those  of  Fig.  V-l.  That  is,  for  the  wave¬ 
length  and  brightness  temperatures  of  this  study,  Wien's  law  approxi¬ 
mates  Planck's  function  very  closely  (within  0.3^  or  less),  and  a 
consequence  of  Wien's  law  is  that  inverse  real  and  inverse  brightness 
temperatures  differ  by  a  value  which  depends  only  on  wavelength  and 
emittance  values  and  is  independent  of  the  actual  temperatures  involved. 
For  this  reason,  apparent  activation  energies  were  not  recalculated  in 
the  process  of  considering  surface  temperatures  rather  than  brightness 
temperatures;  any  correction  of  the  least-squares  fits  of  the  data 
(shown  in  Fig.  IV-l)  in  order  to  account  for  non-unity  emittance 
would  fall  well  within  the  uncertainties  listed  in  Table  IV-l. 

V.B  IMPLICATIONS  OF  THE  PRESENT  RESULTS 

The  present  results  suggest  the  existence  of  two  different  pyro¬ 
lysis  regimes  within  the  range  of  surface  temperature  and  pyrolysis 
rates  observed.  The  regimes  are  indicated  in  Fig.  V-2  and  are  termed 
Regime  B  and  Regime  C.  The  low-temperature,  isothermal  sublimation 
regime  is  termed  Regime  A.  These  Regimes  are  summarized  in  Table  V-l. 

V.B.l  Regime  B 

The  various  results  provide  a  self-consistent  view  of  the  mechan¬ 
ism  of  the  linear  pyrolysis  of  AP  within  Regime  B. 
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V.B.la  Heat_Flux  an<l  Partial  Pres sure_Est teat es 

Estimated  values  of  surface  heat  flux  and  partial  pressures  of 
pyrolyzate  are  highly  consistent  with  a  reasonable  mechanistic  hypo¬ 
thesis,  i.e.,  that  pyrolysis  data  (regression  rate  vs .  surface  temp¬ 
erature)  which  were  obtained  in  Regime  B  are  representative  of  sublim¬ 
ation,  endothermic  to  the  extent  of  about  ?8  kcal/mole  and  rate- 
limited  by  a  currently  unidentified  kinetic  step  in  the  overall  sub¬ 
limation  process.  Apparently,  the  present  investigation  is  the  first 
in  which  any  such  checks  for  consistency  have  been  maae.  Earlier 
studies  have  suffered  from  profound  difficulties  in  modeling  the 
situation  in  which  pyrolysis  occurs. 

V.B.lb  Discontinuity  in_Tren_d_of_  Regression _Rate_  v. _Cur face_Tempe ra-_ 
tur_e_(Ons_et_  of  Gas-Phase  Reaction) 

Though  a  discontinuity  in  the  relation  between  pyrolysis  rate 
and  surface  temperature  was  observed  within  Regine  B  (Fig.  IV-l), 
this  does  not  apparently  evidence  a  change  in  pyroly.  Is  mechanism 
from  the  sublimation  mechanism  described  above.  The  discontinuity  in 
pyrolysis  rate  at  a  surface  brightness  temperature  of  about  l46o°C  can 
be  attributed  to  the  onset  of  gas-nhase  reaction  of  the  pyrolyzate  and 
to  a  resulting  decrease  in  pyrolyzate  partial  pressure  at  the  pyrolyz- 
ing  surface.  This  decreased  partial  pressure,  occurring  abruptly  with 
the  onset  of  gas-phase  reaction,  should  be  expected  to  increase  pyro¬ 
lysis  rates  abruptly  by  nearly  eliminating  the  recondensation  which 
partially  opposes  sublimation  at  higher  partial  pressures. 
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The  results  of  Fig.  IV-6  are  highly  consistent  with  this  view. 

The  discontinuity  in  regression  rates  may  be  discounted  by  "correcting" 
regression  rates  at  low  surface  temperatures  via  estimates  of  partial 
pressures  at  the  surface  (Appendix  D).  This  "eliminates"  the  discon¬ 
tinuity,  and  the  slope  of  the  resulting  Arrhenius  plot  does  not  change 
at  the  discontinuity  (Fig,  IV-6).  These  facts  suggest  maintenance  of 
a  single  sublimation  mechanism  across  the  discontinuity. 

Heat-flux  estimates  (Fig,  IV-5)  are  consistent  with  the  idea  of 
non-reactive,  convective  heating  at  low  temperatures  but  indicate  a  new 
heat  source,  such  as  exothermic  gas-phase  reaction,  at  higher  surface 
temperatures.  The  idea  of  a  gas-phase  reaction  is  supported  by  a 
variety  of  observations;  (i)  the  onset  of  visible  flames  observed  by 
Guinet  (1965)  and  Lieberherr  (1967),  (ii)  indications  of  reaction  within 
porous  hot-plates  (Coates  (1965)),  and  (iii)  the  excellent  correlation 
obtained  from  partial-pressure  estimates  (see  above). 

Further  evidence  for  reaction  in  addition  to  sublimation  can  be 
found  in  the  close  similarity  of  the  regression  rate  observed  at  the 
discontinuity  in  this  study  and  in  Lieberherr* s  work,  i.e.,  about  0.01 
cm/sec.  This  rate  is  also  strikingly  similar  to  rates  observed  during 
AP  deflagration.  For  example,  rates  extrapolated  (for  1  atm  ambient 
pressure)  from  higher-pressure  self -deflagration  data  for  AP  (0.015 
cm/sec.  Levy  and  Friedman  (1962))  and  rates  for  threshold  radiation- 
augmentation  of  AP  self-def  lag-pa  cion  at  1  atm  (e.g.;  0.02  cn/sec. 

Levy  and  Friedman  (1962);  0.009  to  0.02  cm/sec,  Hertsberg  (1970))  are 
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all  close  to  the  lowest  rate  at  which  reaction  is  postulated  to  occur 
in  the  present  investigation.  The  later  evidence  does  not,  however, 
necessarily  indicate  reaction  in  the  gas-phase,  as  contrasted  with  the 
solid-phase . 

V . B . lc  Pyrolysis.  Mechanism 

The  mechanism  of  pyrolysis  in  Pegime  B  appears  to  differ  from 
that  of  either  of  the  extant  models  of  the  low-tenperature  sublimation 
process  or  their  extrapolations  to  linear-pyrolysis  conditions  (see 
Section  I.C.k).  Both  of  these  models  involve  an  apparent  activation 
energy  of  about  30  kcal/mole.  The  apparent  activation  energy  found 
in  the  present  investigation  (ca.  22  kcal/mole)  compares  unfavorably 
with  this  value,  but,  on  the  other  hand,  favorably  with  earlier  values 
from  other  linear-pyrolysis  experiments  (Table  II-l).  None  of  these 
earlier  pyrolysis  experiments  support  a  simple  extrapolation  of  iso¬ 
thermal  pyrolysis  data  to  non-isothermal ,  higher-heating-rate  condi¬ 
tions;  the  results  of  the  present  investigation  considerably  reinforce 
earlier  work  in  this  regard,  since  the  present  results  derive  from  a 
completely  independent  method. 

The  greatly-reduced  scatter  of  the  present  results  (compared 
with  earlier  linear-pyrolysis  data)  contributes  to  further  mechanistic, 
interpretation  than  has  been  possible  earlier.  The  observed  constancy 
of  apparent  activation  energy  through  Regime  B,  a  range  of  about 
1T0°C,  strongly  implies  rate-control  by  a  single  reaction  mechanism; 
in  the  past,  data  scatter  would  have  allowed  interpretation  in  terms 
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of  temperature-dependent  activation  energies  reflecting  a  changing 
mechanism,  e.g.,  transition  "between  rate-control  "by  different  reaction 
steps. 

Though  the  present  results  do  not  provide  a  "basis  for  identifying 
the  particular  reaction  step  involved  in  Regime-B  pyrolysis,  they  do 
bring  considerably  more  insight  to  bear  on  this  identification  problem. 
Contrary  to  the  situation  before  the  present  results,  it  is  possible 
to  state  several  apparently  requisite  features  of  any  mechanism  pro¬ 
posed  to  explain  pyrolysis  in  Regime  B: 

(i)  such  a  mechanism  should  evidence  an  apparent  activation 
energy  in  the  neighborhood  of  22  kcal/mole, 

(ii)  there  should  be  no  obvious  competitive  processes  to  subvert 
this  value  into  a  value  varying  more  than  one  or  two  kcal/ 
mole  within  Regime  B, 

(iii)  the  mechanism  must  provide  such  an  apparent  activation  at 
pyrolyzate  partial  pressures  an  order  of  magnitude  or  more 
below  corresponding  equilibrium  vapor  pressures  for  AP  (at 
the  surface  temperatures  of  Regime  B), 

(iv)  the  mechanism  should  not  be  strongly  influenced  by  the  pre¬ 
sence  of  normal  combustion  products,  e.g.,  CO^,  H^O,  or  of 
°2  or  ^2  *n  t^ie  gas  P^ase  near  "the  pyrolyzing  surface  (since 

concentrations  of  these  species  doubtless  varied  appreciably 

* 

but  not  systematically  over  the  present  pyrolysis  tests  ). 

1 - 

See  Section  III.B.3  relative  to  variations  in  hot-gas-Jet  temperature 
and  therefore,  in  composition. 
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Apparently,  one  of  the  more  complex  sublimations  models  of  Guirao  and 
Williams  (19^9)  or  the  earlier  model  of  Schultz  and  Pekfcer  (1957)  may 
apply  in  describing  linear  pyrolysis  in  Regime  B.  The”''  does  not 
appear  to  be  any  obstacle  to  considering,  for  example,  the  latter 
model.  However,  it  must  be  recognized  that  even  the  information 
available  from  the  present,  improved  type  of  linear  pyrolysis  test  is 
an  insufficient  basis  for  establishing  any  such  detailed  mechanistic 
view  to  the  exclusion  of  all  others. 


V.B.ld  Sumnarjr 

Within  Regime  B,  with  surface  temoeratures  in  the  range  of  380° 
to  570°C,  it  appears  that  pyrolysis  rates  are  determined  by  a  step 
controlling  the  rate  of  dissociative  sublimation  and  that  this  step  is 
a  different  one  than  that  controlling  lower-teirmerature  sublimation. 
This  3tep  appears  to  be  dominant  whether  gas-phase  reaction  is  present 
or  not.  While  it  is  possible  that  the  step  controlling  higher-temper¬ 
ature  sublimation  is  one  of  desorption  from  the  oyrolyzing  surface, 
current  evidence  is  insufficient  to  corroborate  this  view.  It  does 
appear,  however,  that  pyrolysis  rates  in  this  regime  are  not  consist¬ 
ent  with  either  of  the  two  present  models  of  the  low-temperature  sub¬ 
limation  process.  The  data  are,  therefore,  not  consistent  with  extra¬ 
polations  of  these  models  to  higher  temperatures ,  e.  g.,  that  of  Jacobs 
and  Powling  (i960). 


87 


V.B.2  Regime  C 

V.B.2a  Validityjof^  Data__in_  Regime^C 

Though  subject  tc  further  experiments  study.  Regime  C  appears  not 

to  be  simply  a  result  of  experimental  idiosyncracies.  It  is  noteworthy 

in  this  regard  that  specimens  used  in  Regime  C  pyrolysis  tests  were 

* 

generally  more  carefully  prepared  of  any  used  in  the  present  study  . 
Possibly  for  this  reason  it  appeared  that ,  despite  higher  regression 
rates,  these  specimens  regressed  even  more  steadily  and  with  more  nearly 
planar  surfaces  than  others  did.  Because  of  these  facts,  the  results 
for  high  heating  rates  were  expected,  before  data  reduction,  to  lie  on 
a  simple  extrapolation  of  the  trend  of  earlier  data. 

The  trend  of  pyrolysis  data  in  Regime  C  (Fig.  V-2)  is  such  an 
abrupt  and  striking  variation  from  the  trend  of  lower-temperature  data, 
that  there  is  cause  to  expect  that  the  recorded  trend  of  the  data  in 
Regime  C  is  not  necessarily  real.  A  change  in  structure  of  the 
pyro.lyzing  surface  might,  for  example,  sufficiently  alter  the  surface 
emittance  from  its  lower-temperature  value  as  to  invalidate  the 
constant-einittance  assumption  used  in  reducing  lower-temperature  data. 

It  is  quite  possible  that  the  actual  relation  between  regression 
rate  and  surface  temperature  has  not  changed  within  Regime  C,  but 

rather  that  infrared  radiometry  simply  indicates  changes  in  surface 

* 

In  anticipation  of  difficulty  in  maintaining  specimen-integrity  during 
testing  at  high  heating  rates,  most  of  the  specimens  used  were  processed 
more  carefully  than  those  used  in  other  tests.  The  specimens  were 
pressed  with  longer  dwell-times  in  the  press  (  e.g.,  30  min.  )  and  were 
formed  carefully  into  cylinders  with  diametral  tolerances  which  were 
appreciably  smaller  (  e.g.,  ±0.001"  ,  see  Appendix  A  )  than  those 
normally  encountered  with  other  test  specimens  (  e.g.,  ±0.002"  ). 
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structure  in  this  Regime.  Thus,  the  temperatures  and  rates  at  which 
Regime  C  begins  are  probably  more  physically  significant  than  the 
apparent  trend  within  Regime  C  . 

V . B . 2b  Speculat ions_R e^ar di ng_R  egime.  C_ 

It  is  striking  that  the  onset  of  Regime  C  occurs,  apparently, 
at  about  580  to  590°C  (subject  to  previously  cited  uncertainty  owing 
to  uncertainty  in  surface  emittance).  This  temperature  is  remarkably 
close  to  the  constant  surface  temperature  (590°C)  inferred  by  Beckstead 
and  Hightower  (19^7)  and  by  Boggs  (1970)  from  measurements  of  the  depth 
of  planes  of  polymorphic  phase  transformation  below  the  surfaces  of  AP 
crystals  which  were  quenched  during  self-deflagration.  The  580°  to 
590°C  range  is  remarkably  close  to  the  only  known  estimates  of  the 
triple-point  temperature  of  AP  (Cordes  (19^9 ) ) .  Since  Beckstead  and 
Hightower's  crystals  showed  evidence  of  a  liquid  layer  on  the  pyrolyz- 
ing  surface,  it  is  tempting  to  suggest  that  Regime  C  (unlike  Regime  B) 
involves  a  liquid  phase,  possibly  AP,  on  the  pyrolyzing  surface. 

Simple  sublimation  seems  well  established  as  the  central  process  in  AP 
pyrolysis  at  low  temperatures,  and  the  more  complex  processes  likely 
in  AP  pyrolysis  with  a  liquid  phase  are  likely  during  AP  pyrolysis  at 
deflagration  conditions  (Boggs  ( 1970 J).  Regime  C  might,  in  this  context, 
be  postulated  as  a  regime  in  which  surface  condition  and  r  vs.  T 
relations  are  developing  into  those  occurring  during  the  deflagration 
of  AP,  Such  a  postulate  would  place  the  present  data  in  the  role  of 
bridging,  for  the  first  time,  the  gap  between  low-temperature  pyrolysis 
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of  A P  and  the  higher-temperature  self-deflagration  of  AP. 


V.B.2c  Obstacles^  to_S£eculations_ 


There  are  two  obstacles  to  postulating  that  Regime  III  involves'  a 
liquid  phase  and  that,  for  example,  its  gradual  increase  accounts  for 
the  observed  relation  between  regression  rate  and  surface  brightness 
temperature  in  Regime  C  .  While  neither  of  these  objections  seems, 
however,  well  enough  established  to  invalidate  such  a  postulate  con¬ 
clusively,  the  obstacles  raised  are  appreciable. 


V.B.2c  (l)  Vapor  Pressure  Discrepancies 


Estimates  of  the  triple-point  of  AP  (Cordes  (1969))  as  being  at 
590°C  include  estimates  of  the  vapor  pressure  at  the  triple-point  as 
being  approximately  2000  mm  Hg.  Such  a  pressure  is  considerably 
higher  than  even  the  maximum  total  (stagnation)  pressures  in  the 
present  experiments  (935  mm  Hg).  The  partial  pressures  of  AP 
pyrolyzate  vapor  are  expected  to  be  lower  yet,  perhaps  by  a  factor  of 

0.2  or  less,  considering  the  scheme  for  partial  pressure  estimates 

# 

which  was  used  in  this  investigation  .  This  implies  partial  pressures 
lower  than  the  triple-point  vapor  pressures  by  a  factor  at  least  an 

order  of  magnitude  which  is  not  consistent  with  postulate  that  Regime  C 

If - 

The  partial  pressure  of  pyrolyzate  at  the  surface  for  a  regression 

rate  of  0.0U  cm/sec  may  be  estimated  at  about  0.15  times  the  total 
pressure  if  it  is  assumed  that  the  convective  flow  field  near  the 
pyrolyzing  surface  is  nonreactive  (see  Appendix  D).  This  factor  is 
higher  than  what  would  be  estimated  by  taking  into  appropriate 
consideration  reactions  in  the  flow  field. 
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involves  liquid  AP. 

It  is  significant  that  the  vapor  pressure  of  AP  in  the  neighbor¬ 
hood  of  the  triple-point  enters  the  estimate  of  the  triple-point  temp¬ 
erature  only  as  a  ratio  since  the  estimation  method  is  based  on  a 
"corresponding-states”  model,  (see  Cordes  (19^9) ).  In  effect,  then, 
so  long  as  the  latent  heat  of  sublimation  is  known  reasonably  precisely, 
the  corresponding- states  basis  for  predicting  triple-point  temperature 
may  be  accurate.  Since  the  vapor  pressure  at  the  triple-point  is 
determined  by  extrapolation  of  the  usual  exponential  vapor-pressure 
data  over  3  to  H  orders  of  magnitude,  it  is  quite  possible  that  this 
vapor  pressure  may  be  appreciably  in  error  though  its  temperature 
dependence  nay  be  only  slightly  so.  Thus,  Cordes’  veil -correlated 
estimates  of  triple-point  temperatures  do  not  necessarily  imply  such  a 
well-known  vapor  pressure  at  the  triple  point.  For  example,  an  error 
of  2  kcal/mole  (ca.  3%)  in  latent  heat  of  sublimation  implies  about 
the  same  proportional  error  (ca.  39°C)  in  determining  melting  point 
in  the  method  cited  (Cordes).  In  contrast,  such  an  error  implies 
about  30?  error  (about  600  mm  Hg)  in  extrapolating  vapor-pressure  data 
to  the  melting  point.  It  is,  however,  difficult  to  rationalize  the 
previously-cited  order-of-magnitude  error  in  vapor  pressure  as  arising 
from  such  sun  error. 

V.B.2c(2)  Lack  of  Physical  Evidence  for  a  Liquid  Phase 

A  second  objection  exists  against  identifying  Regime Casone  in¬ 
volving  a  liquid  phase  on  the  pyrolyzing  surface.  The  scanning- 
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electron  micrographs  of  the  present  investigation  show  little  or  no 
evidence  of  a  liquid  phase  on  surfaces  quenched  during  pyrolysis.  It 
does  appear  possible, however,  that  a  thin  layer  of  liquid  on  the  sur¬ 
face-  could  be  vaporized  during  the  quenching  process;  at  the  steady 
regression  rates  observed  before  quenching,  a  surface  layer  of  1  pm 
thickness  is  pyrolyzed  in  approximately  1  msec.,  probably  faster  than 
the  duration  of  the  quenching  process.  While  quenching  may  be  fast 

enough  to  preserve  large  surface  features,  then»a  thin  layer  of 

* 

pyrolyzing  liquid  might  easily  vanish  during  the  process  . 

V.B.2d  Sumriarv 

In  summary.  Regime  C  is  not  readily  characterized;  it  was  not 
investigated  as  fully  in  the  present  study  as  Regime  B  .  The  surface 
temperature  at  which  Regime  C  appears  correlates  well  with  both 
surface  temperatures  estimates  for  the  self-deflagration  of  A P  and 
with  melting-point  estimates  for  AP,  However, 'inconsistencies  arise 
in  attempting  to  postulate  the  occurrence  of  molten  AP  on  the  surface 
and  to  relate  this  postulate  with  other  data  involving  a  liquid  phase 
for  AP.  It  appears  that  there  may  be  transition  at  surface  tempera- 
tures  of  about  580°C  from  Regime  B  to  a  pyrolysis  regime  more  nearly 
resembling  pyrolysis  during  self-deflagration  of  AP  and  of  composite 
propellants ,  but  appearances  are  not  conclusive. 

» 

Such  appears  not  to  be  the  case  during  quenching  of  self-deflarrating 
AP  crystals.  However,  these  are  quenched  by  a  different  means  (see 
Beckstead  and  Hightower  (1967))  which  may  preserve  liquid  layers  more 
effectively. 
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V.C  RELATION  OF  PRESENT  RESULTS  TO  PRIOR  PYROLYSIS  RESULTS  OF  OTHERS 

Consideration  of  particulate  systems  is  omitted  from  this  section 
for  the  reasons  cited  above  (Section  II .A. 2).  It  is  notable  that 
recent  thoughts  regarding  pyrolysis  of  particulate  systems  (Jacobs  and 
Powling  (1969)),  have  suggested  a  tendency  of  such  systems  to  overesti¬ 
mate  sublimation  rates  and  apparent  activation  energies  relative 
to  linear  pyrolysis.  This  observation  is  consistent  with  the  relation¬ 
ship  between  the  present  results  and  those  from  particulate  systems. 

It  remains  to  compare  the  present  pyrolysis  results  with  those 

from  the  several  other  sources  of  linear  pyrolysis  data  cited  earlier. 

V.C.l  Pyrolysis  in  AP-Gaseoua  Fuel  Diffusion  Flames 

The  diffusion-flame  results  of  Powling  suffer,  in  interpretation, 
from  uncertainty  as  to  the  environment  in  which  pyrolysis  occurs.  As 
the  preceding  section  of  the  present  work  shov?s,  estimates  of  surface- 
environment  are  imperative  for  the  sake  of  interpreting  pyrolysis 
results.  Reports  of  diffusion-flame  data  have  not,  however,  been 
complete  enough  to  allow  such  estimates;  combustible  fuel-gas  compos¬ 
itions  have  not,  for  example,  been  reported.  Even  with  such  data, 
however,  estimates  of  surface  conditions  accompanying  diffusion  flames 
would  be  difficult  to  achieve  because  of  the  probably  need  for  con¬ 
sidering  reaction  kinetics  in  attempting  to  estimate  heat  fluxes  and 
partial  pressures  at  the  surface;  appropriate  quantitative  kinetic 
data  are  insufficient  for  the  task.  One  must  be  content,  then,  with 
judging  simply  whether  or  not  pyrolysis  data  from  diffusion  flames  are 
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reasonably  consistent  with  a  particular  pyrolysis  scheme  of  interest . 

In  this  regard,  Powling's  diffusion-flame  data  are,  at  least, 
consistent  with  the  view  of  sublimative  pyrolysis  as  described  in  the 
preceding  section.  The  pyrolysis  rates  at  various  surface  temperatures 
are  of  the  same  order  as  the  present  results.  Viewed  overall,  Powling's 
data  suggest  a  lower  apparent  activation  energy  than  that  of  the  pre¬ 
sent  data.  However,  the  possibility  is  strong  that  changes  in  mass 
diffusion  rates  may  be  significant;  diffusion  is  impeded  by  the  higher 
total  pressures  involved  in  the  diffusion-flame  experiments  with 
higher  rates.  This  might  be  expected  to  result  in  recondensation 
being  more  significant  at  the  higher  measured  surface  temperatures 
which  accompany  higher  pressures  in  Pawling' s  data.  This  would  imply 
that  higher  pyrolysis  rates  may  actually  be  lower  in  proportion  to 
corresponding  unopposed  reaction  rates  than  are  the  lower  pyrolysis 
rates.  This  possibility  is  in  accord  with  the  observation  that,  at  a 
given  measured  surface  temperature,  diffusion-flame  pyrolysis  rates 
(e.g..  Fig.  U,  Jacobs  and  Powling  (i960))  exceed  by  little  if  any  the 
pyrolysis  rates  reported  in  the  present  stud?’-.  Unfortunately,  however, 

there  are  some  inconsistencies  in  reports  of  apparently  comparable 

« 

diffusion-flame  pyrolysis  rates  . 

Diffusion-flame  pyrolysis  data  do  not  include  rates  or  surface 
temperatures  quite  high  enough  to  necessitate  their  consideration 
relative  to  the  data  of  Regime  C  of  the  present  study. 

“Compare,  for  example,  the  data  of  Tig.  t ,  Jacobs  and  Powling  (lofa) 
and  Fig.  3,  Powling  (196?) . 
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V.C.2  Porous  Hot-Plate  Pyrolysis  Data 
V . C . 2a  D_ata_of_  Ueberherr 

As  mentioned  above  ( Section  II. A. 3b) ,  two  sub-regimes  are  identi¬ 
fiable  in  the  porous  hot-plate  data  of  Lieberherr  which  cover  what  was 
termed  above  as  "Regime  B".  These  sub-regimes  are  separated  by  an 
order-of-magnatude  discontinuity  in  regression  rate  and  are  termed 
here  "Regime  Bl"  (lower  temperature)  and  "Regime  B?"  (higher  tempera¬ 
ture)  . 

Below  about  U75°C  (termed  Regime  Bl),  the  porous  hot-plate  data 
of  Lieberherr  are  consistent  with  the  present  results  and  the  inter¬ 
pretation  given  in  Section  V.A.l  above.  As  would  be  expected  from 
that  interpretation,  Lieberherr 's  data  show  (with  considerably  scatter; 
see  Table  I-l)  nearly  the  same  activation  energy  as  do  the  present 
results  but  appreciably  lower  pyrolysis  rates.  These  lower  rates  may 
be  considered  a  consequence  of  higher  pyrolyzate  partial  pressures  at 
the  regressing  surface.  This  possibility  is  particularly  evident  as 
a  likely  cause  for  the  abrupt,  order-of-magnitude  increase  in  pyrolysis 
rates  between  Regimes  Bl  and  B2;  unopposed  surface  reaction  is  a 
distinct  possibility  at  the  higher  surface  temperatures  of  Regime  B2 
if  gas-phase  reactions  serve  as  pyrolyzate  "sinks"  in  Regim-.  B2  but 
not  in  Regime  Bl. 

To  check  this  interpretation,  partial  pressures  were  estimated  for 
Lieberherr' s  data  in  Regime  IIA,  The  aim  was  to  check  roughly  for 
consistency  of  Lieberherr' s  rates  relative  to  the  corresponding  rates 
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of  the  present  results,  i.e.,  with  the  vacuum  pyrolysis  rates  deduced 
in  Appendix  D,  above.  An  additional  aim  was  to  check  the  consistency 
of  Lieberherr's  order-of-magnitude  discontinuity  in  pyrolysis  rate 
(at  10  ^/T  a  1.35;  T_  =  U75°C)  with  the  idea  of  a  suddenly-reduced 
partial  pressure  at  higher  temperatures  due  to  the  onset  of  gas-phase 
reactions. 

The  basis  for  estimates  of  partial  pressures  for  Lieberherr's 
case  is  necessarily  different  from  that  used  with  the  data  of  the 
present  investigation.  For  the  present  convective-heating  results 
(see  Appendix  D),  the  assumption  of  similarity  of  mass  and  heat 
transport  was  used  to  estimate  partial  pressures  of  oyrolyzate  at  the 
pyrolyzing  surface;  this  was  possible  because  the  same  gas  phase  flow 
field  is  involved  in  the  two  processes  when  heating  is  by  convection. 
In  the  case  of  Lieberherr's  porous  hot-plate  pyrolysis,  such  is  not 
the  case;  the  boundary  conditions  for  heat  and  maES  transport  in  the 
gas  phase  are  sufficiently  different  as  to  preclude  the  assumption  of 
similarity  of  heat  and  mass  transport.  In  this  context,  pyrolyzate 
partial-pressures  mist  be  estimated  directly  from  the  appropriate 
gas-phase  mass-transport  relations. 

In  Appendix  G,  a  model  for  estimating  surface  partial  pressures 
is  developed  for  a  one-dimensional,  binary  flow-field  composed  of 
pyrolyzate  "vapor”  and  an  inert  ambient  gas.  The  model  allows 
estimation  of  surface  partial  pressures  of  pyrolyzate,  F.  _  ,  based 

l,b 

on  input  values  for: 

the  vacuum  sublimation  rate,  r 

*  vac 
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the  characteristic  diffusion  length,  L 
the  temperature-dependent  vapor-pressure  of  pyrolyzate ,  P. 
the  surface  temperature,  T 


l,eq 


the  molecular  veights,  and  ,  of  the  species  involved 

(pyrolyzate  and  inert,  respectively) 

the  (binary)  diffusion  coefficient  of  pyrolyzate  into  inert,  D, 
This  model  was  used  to  estimate  the  pyrolyzate  partial  pressures 
corresponding  with  Lieberherr ' s  low-temperature  data  (Regime  Bl) . 

Values  for  L  and  D  appropriate  to  Lieberherr’ s  situation  are,  unfor¬ 
tunately,  uncertain  as  is  the  validity  of  the  assumption  of  one- 
dimensionality  for  his  porous-plate  situation. 

Partial  pressure  ratios  P  /P  ,  were  calculated  from  the 

1  ,S  •*-  fGQ, 

model  using  somewhat  arbitrary  though  reason a1  le  estimates: 

L  *  0.1  cm  (approximately  the  porous-plate  thickness) 

D  -  Dstd  (T/Tstd)3/!(Pstd/P)  *  Dstd  -  °-05  “2/se<! 

=  58  (mean  molecular  weight  of  equimolar  NH^  -  HCIO^  mixture) 

r  «'  value  indicated  (at  T_  of  interest)  in  Fig.  IV-5 
vac  S  0 

The  estimated  partial-pressure  ratios  were  used  to  calculate  the  ratio: 


r/r 


vac 


1  ’  Pl.Ae, 


At  Hr/T-  «=  1,1*  (Regime  Bl  ),  the  results  of  this  calculation  were: 

D 


r/r 


vac 


0.05 


The  same  ratio  evaluated  directly  from  a  least-squares  fit  to  Lieber* 

herr’s  data  and  r  as  deduced  in  the  present  investigation  (see 
vac 

Fig.  V-l)  is: 


r/r 


vac 


0.25 


at 


103/TC 


l.U 
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These  two  values  are,  then,  within  order-of-magnitude  agreement,  their 

difference  is  not  surprising  in  light  of  the  substantial  uncertainties 

in  calculating  the  first  value.  The  rough  calculation  is  consistent 

with  the  idea  of  substantial  recondensation  being  a  possible  cause  of 

Lieberherr's  rates  being  lower  in  Regime  B1  than  those  of  the  present 

study  (at  the  same  temperature,  r/rvac  =  0*6  for  the  present  study), 

Lieberherr's  order-of-magnitude  discontinuity  in  rate  at 

3 

10  /T_  =  1,35  also  appears  to  be  consistent  with  the  idea  of  a 

5 

sudden  decrease  in  pyrolyzate  partial  pressure  with  the  onset  of  gas- 
phase  reaction.  It  may  be  as stoned,  as  for  the  present  results,  that 
gas-phase  reaction  reduces  partial-pressures  ratios  to  very  low  values 
in  Lieberherr's  situation,  Since: 

r/rvac  =  for  Lieberherr's  low-temperature  data, 

an  order-of-magnitude  increase  in  r  might  be  expected  at  higher 
temperature  if  gas-phase  reactions  become  very  significant  in  depress¬ 
ing  surface  partial  pressures  of  pyrolyzate. 

In  summary,  rough  estimates  of  surface  partial-pressures  of  AP 
pyrolyzate  for  Lieberhex'r's  data  of  Regime  IIA  appear  to  be  as  con¬ 
sistent  as  might  be  expected  with  the  present  results.  This  is 

apparently  true  both  in  terms  of  values  for  r  and  in  terms  of  the 

vac 

3 

large  discontinuity  in  rate  observed  by  Lieberherr  at  10  /T<,  =  1,35 
(U75°C).  These  estimates  must,  however,  be  viewed  cautiously  in  light 
of  the  uncertainty  which  accompanies  partial-pressure  estimates  for  the 
porous  hot-plate  configuration.  At  least,  the  estimates  do  not  appear 
to  be  inconsistent  with  the  present  results. 
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V . C . ?b  Dat_a_of_  Coates 

Coates'  data  from  porous-plate  experiments  at  temperatures  below 
U80°C  are  limited  to  a  single,  isolated  datum  point  at  ICr/T  =  1.55 

D 

(Te  =  370°C)  (see  Table  J-l,  Appendix  J).  This  point  shows  a 

s 

pyrolysis  race  an  c*der-of-magnitude  higher  than  that  implied  (with 
slight  extrapolation)  by  Lieberherr's  data  at  the  same  measured  surface 
temperature.  This  difference  may  be  rationalized  as  resulting  from 
Coates'  test-pressure  being  about  an  order-of-magnitude  lower  than 
Lieberherr's.  This  lower  pressure  should  result  in  a  higher  diffusion 
coefficient  in  Coates'  case  and,  therefore,  in  a  much  lower  partial- 
pressure  of  pyrolyzate  at  the  surface  in  Coates'  case.  An  estimate  of 
this  partial  pressure  (made  on  the  basis  described  above)  led  to  pre¬ 
diction  of  an  order-of-magnitude  increase  in  r/rvac  ^rora  Eq.  ( IV— 1 ) . 
This  is  consistent  with  the  relationship  between  Coates'  and  Lieber¬ 
herr's  experimental  data. 

Above  about  1*75°C  but  below  about  5?0°C  (termed  Regime  B2),  both 

Coates'  and  Lieberherr's  results  show  activation  energies  which  are 

lower  than  that  of  the  present  study  (see  Tables  II-l  and  IV-l)  and 

lower  than  that  of  Lieberherr  in  Regime  PI.  The  fact  that  the  present 

data  show  the  same  activation  energy  in  both  regimes  suggests  validity 

for  these  data  and  question ability  for  the  porous  hot-plate  data. 

If  the  differences  in  experimental  techniques  are  considered,  it  is 
not  surprising  that  the  discontinuity  in  Lieberherr's  data  occurs  at 
a  somewhat  different  temperature  than  that  of  the  present  data. 
Flammability  limits  are  known  to  be  notably  apparatus-denendent 
(Lewis  and  von  Elbe  (19^1)) . 
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The  flimsy,  porous  surface  structure  of  sublimed  AP  observed  using 
the  scanning  electron  microscope  (Fig.  I V-h\  also  Boggs  and  Krauetle 
(1969))  suggests  a  strong  possibility  of  physical  influence  on  surface 
structure  by  the  porous-metal  hot-plate  against  which  pyrolysis 
specimens  are  forced  (see  also  Andersen  (I96M).  The  liklihood  of 
gas-phase  reactions  also  suggests  the  possibility  of  complex  thermal 
coupling  between  this  reaction  zone  and  the  porous  plate,  thereby 
perturbing  ''normal"  pyrolysis.  Either  this  coupling  or  systematic 
errors  in  the  surface  temperature  indicated  by  thermocouples  may  be 
responsible  for  the  discrepancy  between  the  present  results  and  those 
of  Lieberherr  and  Coates.  An  indication  >~>f  anomalous  pyrolysis  with 
porous  hot-plates  can  be  drawn  from  the  apparent  occurrence  of  a 
maximum  regression  rate  in  Lieberherr' s  results  near  a  reported  surface 
temperature  of  630°C.  This  is  not  in  accord  with  the  observed  trend 
in  the  present  results,  or  the  expected  trend,  i.e.,  increasing  re¬ 
gression  rates  with  increasing  heating  rates.  In  general,  the  strong 
internal  consistency  of  the  present  results  seems  to  favor  them  over 
the  earlier  porous-plate  data.  The  latter  remain  as  untested  in  terms 
of  consistency  with  other  results  such  as  heat-flux  and  partial-pres¬ 
sure  estimates. 


V.C.3  Solid  Hot-Plate  Pyrolysis  Data 


Again  as  in  the  case  of  data  from  porous  hot-plates,  the  earlier 
data  from  solid  hot-plates  are  forced  to  stand  by  themselves  without 
the  aid  of  heet-flux  estimates,  etc.  Neither  the  validity  nor 
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invalidity  of  these  data  and  the  present  ones  is  much  clarified  by  the 
agreement  of  apparent  activation  energies  for  the  two  cases  (Tables 
II-l  and  TV-l);  this  agreement  may  be  coincidental.  Alternatively,  it 
is  possible  that,  despite  conjectured  errors  in  surface  temperature 
measurement  (see  Section  II.A.3a),  the  solid  hot-plate  data  do  repre¬ 
sent  unopposed  sublimation  rates.  Certainly  the  very  low  ambient 
pressures  used  in  these  early  tests  should  have  been  conducive  to 
unopposed  sublimation. 

V.C.4  High-Temperature  Isothermal  Sublimation  Data 

In  comparison  with  the  present  results,  those  of  Krauetle  are  of 
particular  interest.  The  activation  energy  indicated  by  the  present 
results  (compared  with  isothermal  sublimation  studies)  suggests  that, 
at  some  surface  temperature  lower  than  those  of  the  present  study,  a 
change  in  apparent  activation  energy  ought  to  be  observable.  This 
tre  .sition  may  be  manifested  in  the  apparent  discontinuity  of  Krauetle' s 
data  in  the  neighborhood  of  3fiO°C  (Fig.  II-5).  At  surface  temperatures 
below  this  point,  Krauetle' s  data  strongly  evidence  an  apparent  acti¬ 
vation  energy  in  agreement  with  other  lower-temperature  isothermal 
sublimation  data  (Jacobs  and  Russell-Jones  (1068)).  At  higher  surface 
temperatures,  however,  systematic  evidence  of  a  lower  activation 
energy  is  apparent.  Finally,  at  Krauetle' s  highest  temperatures 
(1*30°  to  U70°C),  interpretation  of  his  data  is  subject  to  uncertainty 
due  to  tne  nonur.ifomity  of  regression  and  the  possibility  of  non- 
isothemal  test  conditions  which  he  cites. 
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CHAPTER  VI  -  CONCLUSIONS 

VI. A.  THE  PRESENT  PYROLYSIS  TECHNIQUE 

The  present  results  promote  the  view  that  the  combination  of 
convective  heating  and  infrared  radiometry  now  constitute  a  proven 
technique  for  characterizing  linear  pyrolysis.  This  technique  is  more 
potent  in  both  concept  and  practice  than  previous  ones.  The  convect- 
ive-heating-infrared-radiometry  combination  has  been  uBed  previously 
in  polymer  pyrolysis  studies,  but  its  full  potential  for  allowing 
checks  of  the  self-consistency  of  pyrolysis  results  and  for  aiding 
mechanistic  interpretation  of  them  has  been  much  more  nearly  achieved 
in  the  present  investigation. 

VI. A. 1  Convective  Heating 

A  particular  innovation  in  the  present  experimental  method  is  the 

use  of  a  convective  heating  configuration  which  provides  not  only  for 

♦ 

regression  rate  and  optical  surface-temnerature  measurements  but  also 
for  estimates  of  surface  partial  pressures  and  heat  fluxes.  Estimates 
like  these  have  either  not  been  made  previously  or  have  been  so  uncer¬ 
tain  as  to  compromise  their  use.  They  are,  however,  a  clear  necessity 
in  checking  the  consistency  of  experimental  data  with  mechanistic 
models  of  pyrolysis  and  in  successfully  delineating,  even  empirically, 
tb  various  regimes  which  may  ariBe  during  the  pyrolysis  of  various 
materials.  These  estimates  of  surface  partial  pressurs  and  heat  fluxes, 
along  with  the  increased  reproducibility  of  the  data  obtained  by  the 
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present  technique,  provide  a  much  more  valuable  approach  to  investiga¬ 
ting  pyrolysis  then  has  previously  been  possible. 

The  convective-heating  configuration  of  the  present  investigation 
owes  its  utility  to  the  fact  that  it  was  shown  experimentally  to 
involve  a  constant  radial  velocity  gradient  in  the  flow  external  to  a 
transpired  boundary  layer.  This  fact  justified  fluid-dynamic  analysis 
in  terms  of  the  well-developed  theory  of  compressible,  laminar, 
stagnation-point  flow.  Apparently  for  the  first  time,  the  present 
investigation  demonstrates  the  applicability  of  this  theory  to  the 
case  of  a  finite  gas  Jet  impinging  on  a  flat  plate  with  a  high  ratio 
of  Jet  temperature  to  ambient  temperature  and  substantial  temperature 
variations  in  the  flow  field. 

The  major  drawback  of  the  convective-heating  mode  of  driving 
pyrolysis  seems  to  be  the  surface  shear  stresses  which  necessarily 
accompany  it  though  these  were  not  a  problem  in  the  present  investi¬ 
gation  of  AP.  Convective-heating  of  oolymers  and  fusible  crystalline 
solids  suffers  from  the  possibility  of  substantial  flow  of  liquid 
surface  layers  due  to  shear  stresses.  This  effect  is  a  serious  detri¬ 
ment  to  the  pyrolysis  testing  of  some  materials  by  convective  heating 
because  it  interjects  the  complication  of  mechanistic  modeling  of  un¬ 
certain  viscous  flow  situations  into  the  modeling  of  the  overall 
pyrolysis  process. 
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VI .A. 2  Surface-Temperature  Measurement  by  Infrared  Snectraradiometry 

Infrared  spectraredioraetry  has  "been  shown  to  be  a  technique  for 
surface-temperature  measurement  which  is  viable  for  at  least  some 
linear-pyrolysis  experiments.  The  ore sent  investigation  exemplifies 
how  the  utility  of  this  technique  depends  on  a  variety  cf  preconditions 
for  its  use,  most  notably: 

(i)  checks  on  the  extent  of  undesirable  emission  from  the 
convective-heating  Jet  and  from  pyrolyzate  near  the  pyroly- 
zing  surface,  and 

(ii)  prior  determination  of  surface-emittance  values  and  a  basis 
for  the  extrapolation  of  low-temperature  data  to  high  sur¬ 
face  temperatures. 

While  not  apparently  a  factor  in  the  present  investigation,  influences 
of  sub-surface  temperature  variations  must  also  be  of  concern  in  apply¬ 
ing  the  technique  of  the  present  investigation  to  other  situations. 

The  possibility  of  such  influences  is  e  detriment  to  use  of  the  tech¬ 
nique  with  materials  which  do  not  have  spectral  regions  of  high  infra¬ 
red  absorptivity. 

VI.A.3  Summary 

In  summary,  the  pyrolysis  technique  used  in  the  present  investi¬ 
gation  has  been  shown  to  offer  substantial  advantage  relative  to  other 
methods  used  previously.  It  cannot  be  proposed,  however,  as  a  univer- 
sally-applicable  method  which  supercedes  others;  it  must  rather  be 
viewed  as  a  viable  and  potent  compliment  to  other  experimental  methods 
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for  characterizing  linear  pyrolysis. 

VI. B.  PYROLYSIS  CHARACTERISTICS  OF  AP 

The  experimental  results  of  this  investigations  and  the  interpre¬ 
tation  given  to  them  lead  to  the  delineation  of  three  pyrolysis  regimes. 
These  are  summarized  in  Table  V-l.  It  appears  that,  subject  to  further 
study  of  Regime  C,  the  present  investigation  goes  far  in  bridging  the 
gap  which  has  existed  to  date  between  the  data  and  models  of  isothermal 
AP  pyrolysis  on  the  one  hand  and  those  for  AP  self-deflagration  on  the 
other. 

VI.B.i  Regimes  A  and  B 

The  present  investigation  indicates  that  the  sublimation  mechanism 
operative  in  lower-temperature,  isothermal  pyrolysis  (Regime  A)  is  not 
dominant  at  the  higher  temperatures  of  Regime  B  (or  beyond).  Apparent¬ 
ly,  then,  because  of  the  higher  heat  fluxes,  temperatures,  and  regress¬ 
ion  rates  involved,  linear-pyrolysis  experiments  like  the  present  one 
relate  more  directly  to  the  pyrolysis  occuring  during  combustion.  The 
mechanism  of  Regime  A  is  manifested  in  apparent  activation  energies 
near  29  kcal/mole  while  the  present  results  (and  some  earlier  ones) 
for  Regime  B  indicate  a  lower  value,  ca,  22  kcal/mole.  This  lower 
value  is  not  directly  related  to  the  heat  of  sublimation  of  AP  as  the 
higher  value  from  isothermal  experiments  is  (according  to  two  current 
views  of  low-temperature  pyrolysis). 

There  is,  nonetheless,  substantial  evidence  (prior  and  present) 


that  sublimation  is  still  the  dominant  process  in  Regime  B.  The 
present  results  are  notable  in  this  regard  since  they  evidence  high 
consistency  between  heat  flux  estimates  and  sublimation  energetics 
and  also  between  pyrolyzat.e  partial-pressure  estimates  and  several 
re condensation  effects  which  might  be  expected  from  a  reversible, 
sublimation  process.  For  example,  present  and  prior  studies  have 
shown  discontinuities  in  the  trend  of  regression  rate  vs.  surface 
temperature  which  can  be  explained  in  terms  of  partial-pressure 
estimates  and  a  recondensation  process. 

In  contrast  with  either  current  mechanistic  view  of  Regirae-A 
pyrolysis,  it  is  possible  to  postulate  that  pyrolysis  in  Regime  B  is 
rate-controlled  by  the  desorption  of  NII^  and  HCIO^  from  the  sublim¬ 
ing  surface.  Such  a  possibility  was  proposed  much  earlier  but  in  a 
different  context  and  without  conclusive  support.  The  present  heat- 
flux  and  partial-pressure  estimates  appear  to  be  consistent  with  such 
a  sublimation  mechanism,  but  they  will  not  discriminate  it  from  other 
possibilities. 

Finally,  it  can  be  concluded  that  macroscopic  differences  in 
surface  structure  do.  as  has  been  suggested  by  prior  workers,  influ¬ 
ence  apparent  activation  energy.  The  present  results  support  the 
earlier  evidences  of  low  activation  energy  for  the  linear  pyrolysis  of 
continuous  AP  surfaces.  Therefore,  the  present  results  a] so  reinforce 
earlier  suggestions  that  the  higher  values  of  apparent  activation 
energy  observed  with  particulate  surfaces  (e.g.,  porous  beds)  are  a 
result  of  particulate  surface  structure. 
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VI. B. 2  Regime  C 

Pome  evidence  of  a  third  pyrolysis  regime  has  been  found  in 
Regime  C  though  without  as  exhaustive  investigation  as  will  ultimately 
be  desireable.  This  regime  apparently  occurs  at  pyrolysis  rates 
bordering  on  the  lowest  observed  in  the  self-deflagration  of  AP.  The 
lowest  surface  temperatures  of  this  regime  coincide  with  those  pre¬ 
dicted  for  the  melting  point  of  AP  and  with  the  temperatures  attributed 
to  a  liquid-solid  interface  in  experimental  determinations  of  the 
surface  temperature  of  self-deflagrating  AP#  Appearance  of  this  regime 
in  the  present  experiments  may  be  a  result  of  the  radiometric  method 
used  for  surface  temperature  measurements;  this  method  is  expected  to 
be  more  sensitive  than  thermocouple  measurements  to  surface  structure 
changes,  for  example,  to  the  appearance  of  a  liquid-phase  on  the  sur¬ 
face.  This  sensitivity  arises  from  the  sensitivity  of  the  radiometric 
method  to  changes  in  surface  emittance;  hence,  the  appearance  of 
Regime  C  as  a  changed  relationship  between  regression  rate  and  surface 
temperature  may  be  fictitious  and  may  conceivably  reflect  only  a 
changed  surface  structure  (without  major  influence  on  regression  rate- 
surface  temperature  relationships). 

VI. C.  RECOMMENDATIONS  FOR  FUTURE  RESEARCH 

The  most  pressing  need  arising  from  the  present  research  is  for 
further  research  into  the  pyrolysis  process  which  manifests  itself  as 
Regime  C  of  the  present  study.  An  attempt  to  extend  the  present  kind 
of  pyrolysis  characterization  to  higher  heating  rates  and  pyrolysis 
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rates  is  an  obvious  and  desirable  next  step  in  making  pyrolysis  data 
useful  for  describing  combustion  situations. 

The  success  of  the  present  research  in  making  deductions  based  on 
heat-flux  and  partial-pressure  estimates  at  the  pyrolyzing  surface 
should  be  extended  in  application  to  other  materials  for  which  convec¬ 
tive  heating  is  Exited,  i.e.,  non-melting  solids  such  as  Teflon. 

The  present  pyrolysis  technique  might  be  extended  to  use  rt  vari¬ 
able  ambient  pressures  both  above  and  bf.lcw  atmospheric.  Guch  data 
should  b*.  paramount  in  characterizing  pyrolyzing  materials  and  in 
testing  -arious  mechanistic  views  of  pyrolysis. 

The  capability  for  varying  gas-phase  composition  at  a  pyrolyzing 
surface  (which  is  unique  to  the  convective-heating  linear-pyrolysis 
technique)  should  be  exploited. 
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APPENDIX  A  -  AT  SPECIMENS 

A.  1  Pressing  oi  AP  Powders 

All  in-house  pressings  of  AP  specimens  used  in  this  preogram  were 
carried  out  using  an  existing  three-piece  hardened-steel  die  shown  in 
Figure  A-l.  Two  techniques  were  used  for  pressing  AP  powder  into 
monolithic  samples:  "dry-pressing”  and  "wet-pressing". 

For  dry-pressing,  the  "bottom  insert"  of  the  die  was  inserted  in 
the  die  block  cavity  and  approximately  11  gm  of  AF  powder  which  had 
been  dried  over  silica  gel  for  several  days  was  spread  evenly  over  the 
insert  within  the  cavity.  This  charge  was  selected  in  order  to  yield 
a  specimen  approximately  1/U"  thick.  The  "top  insert"  was  then  insert¬ 
ed,  and  the  top  insert  was  pressed  into  the  die  block,  compressing 
the  AP,  by  using  a  hydraulically-pumped  10-ton  laboratory  press 
(Fred.  S.  Carver,  Model  C).  After  the  ram  force  (pressure)  of  the 
press  once  reached  its  maximum,  this  force  of  10  tons  (20,000  psig) 
was  held  for  several  minutes  using  the  hydraulic  pump  to  sustain  maxi¬ 
mum  pressure.  The  specimen  was  removed  by  relieving  the  pump  pressure, 
inserting  several  spacers  under  each  side  of  the  die  block,  and 
pressing  the  bottom  insert,  specimen,  and  top  insert  out , of  the  cavity. 
During  this  removal  process,  the  pressure  applied  to  the  top  insert 
(because  of  friction  in  the  die)  did  not  exceed  3000  to  U000  psig. 

Thus,  the  effective  ram  pressure  (excluding  friction)  was  on  the 
order  of  16,000  psig.  Accounting  for  the  crossectional  areas  of  the 
preaspiston  (2,Ul"  in  )  and  of  the  die  cavity  (1.25  in  ),the  pressure 
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applied  to  the  sample  may  he  calculated  at  about  30,000  psig.  After 
pressing,  the  specimen  was  "bonded"  by  exposing  it  (in  a  closed 
dessicator)  to  a  water-saturated  air  environment  at  72°F  for  several 
days.  The  specimen  was  then  dried  and  stored  for  at  least  several 
days  over  silica  gel  before  pyrolysis  testing. 

For  wet-pressing,  the  same  procedure  was  followed  except  that  the 
AP  charged  into  the  die  had  previously  been  exposed,  as  a  powder,  to 
a  water-saturated  air  environment  for  several  days.  During  pressing, 
water  was  forced  out  of  the  die,  and  after  pressing,  the  specimen  was 
immediately  dried  over  silica  gel. 

A.2  Forming  of  Cylindrical  Specimens 

Since  cylindrical  specimens  of  nominal  0.156"  -diameter  were 
desired  for  testing,  the  pressed  specimens  (ca.  O.Uo"  x  2.8"  x  0.25") 
required  further  forming. 

To  obtain  specimens  more  nearly  the  final ’ dimensions  desired,  the 
pressings  were  band-sawed  at  low  cutting  speed  (e.g.,  100  ft/min) 
typically  into  four  pieces  measuring  approximately  0.l8"  x  l.U"  x  0.25". 
Some  care  had  to  be  exercised  during  sawing  owing  to  sample  fragility, 
but  recovery  of  sawed  samples  was  high  (e.g.,  90%),  After  sawing,  the 
ends  of  the  smaller  pieces  were  squared  approximately  using  a  coarse 
emery  cloth  mounted  on  a  flat  metal  back-up  plate. 

Cylindrical  specimens  were  formed  by  mounting  the  rectangular- 
crossection  samples  of  AP  between  two  lengths  of  5/32"  drill  rod  which 
served  as  templates.  The  specimen  was  then  "sanded"  with  an  axial 
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motion  using  emery  cloth  which  had  been  rubber-cemented  onto  a  flat 
metal  back-up  plate  (see  Figure  A-2).  The  ends  of  the  drill  rod  were 
fitted  with  l/l6"-thick  soft  rubber  to  provide  compliance  with  the 
ends  of  the  AP  specimen.  The  abrasive  pad  used  was  wide  enough  so  as 
always  to  be  guided  by  the  pieces  of  drill  rod;  this  allowed,  with 
axial  motion  of  the  pad,  abrasion  of  the  AP  until  it  was  finally  of  a 
erossection  approximately  matching  that  of  the  drill  rod.  At  the 
beginning  of  forming,  an  "extra-coarse"  emery  cloth  was  used,  and  in 
the  final  stages,  "fine"  emery  cloth  was  applied.  By  checking  approach 
to  final  dimensions  with  a  micrometer  and  by  removing  the  last  0.010" 
in  diameter  slowly  and  carefully,  the  diameter  of  the  final  specimen 
could  be  held  close  enough  to  its  nominal  value  to  assure  a  smooth  but 
not  a  loose  fit  within  the  5/32"-diameter ,  reamed  hole  in  the  pyrolysis- 
test  sample-holder.  Table  A-l  shows  the  results  of  diametral  measure¬ 
ments  (twelve  per  specimen)  taken  ^5°  apart  at  each  end  and  at  the 
center  of  two  specimens  after  forming;  lengths  and  weights  are  also 
indicated.  These  data  are  typical  of  the  best  that  was  achieved 
using  the  apparatus  and  method  described, 

A. 3  Density  of  Test  Specimens 

The  density  of  the  two  specimens  with  measurements  appearing  in 
Table  A-l  was  determined.  The  purpose  of  this  check  was  to  ascertain 
whether  the  densities  of  the  pressed  specimens  were  close  to  the 
single-crystal  density  (1.95  gm/cc,  Jacobs  and  Whitehead  (1969) )  of  AP. 
This  should  be  the  case  in  order  to  assure  specimens  comparable  with 


TABLE  A— 1  -  DIMENSIONS  OF  TEST  SPECIMENS  USED  TO  DETERMINE  DENSITY  OF  AP  PRESSINGS 
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those  of  others  (Levy  and  Friedman  (1962),  Guinet  (1965)),  to  determine 
if  the  specimens  were  reasonable  free  of  voids  which  could  lead  to 
anomalous  behavior,  and  to  allow  linear  regression  rates  and  mass 
consumption  rates  to  be  related  conveniently.  The  specimen  lengths 
were  measured  and  the  arithmetic  mean  of  several  measurements  waB  used, 
along  with  the  arithmetic  mean  of  the  diameter  data  of  Table  A-l  and 
the  weight  of  each  specimen,  to  determine  densities.  The  results  were: 
Specimen  1:  p  =  1.88  gm/cc 

Specimen  2:  p  ®  1,88  gm/cc 

The  excellent  agreement  and  the  proximity  to  single-crystal  density 
were  deemed  sufficient  to  Justify  straightforward  comparison  with 
results  from  others'  high-density  specimens  and  to  allow  negligible 
error  in  assuming  specimen  density  equal  to  that  of  single-crystals. 

A.U  Comparison  Specimens 

In  the  preliminary  stages  of  the  present  investigation,  compari¬ 
sons  were  made  between  the  pyrolysis  of  specimens  dry-pressed  (in-house) 

and  specimens  provided  by  other  laboratories  which  have  tested  the 

« 

pyrolysis  and  deflagration  of  pressed  AP  ,  The  comparison  specimens 
had  the  specifications  shown  in  Table  A-2. 


Samples  provided  graciously  by  M,  Barrere,  O.K.E.R.A,  (Office  National 
des  Etudes  et  de  Recherches  Aerospatiale,  Chatillon,  France)  and  by 
R.  Friedman,  A.R.C.  (Atlantic  Research  Corp.,  Alexandria,  Va.) 
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SOURCE 

. 

Original  AP 
Powder  Size 

Pressing 

Pressure 

Pressing  Size 

Reported 

Density 

(pm) 

(psig) 

(mm) 

(gm/cc) 

A.R.C . 

51,  15 

100.0002 

U  x  h  x  38 

JHBJP 

O.N.E.R.A. 

N.A.1 

g 

5  x  5  x  15 

1.935 

[Probably  approx.  50  pm  ^or  higher  (e.g.,  136,000  psig) 


TABLE  A-2  -  SPECIFICATIONS  OF  A P  COMPARISON  SPECIMENS 


At  the  beginning  of  the  present  study,  the  specimens  from 
O.N.E.R.A.  and  A.R.C.  were,  after  being  formed  into  cylinders,  compared 
for  Birailar  regression  rates  at  each  of  two  different  gas-rocket 
operating  conditions.  The  results  were  as  follows: 


tan  No. 

Specimen 

Source 

Gas-Rocket 
Supply  Pressures 

Pyrolysis 

Rate 

(cm/sec) 

CHjj 

(psig) 

3T?02-N2 

(psig) 

B 

A.R  .C . 

90 

112 

0.00955 

?» 

ft 

ft 

0.010U 

ii-i 

O.N.E.R.A. 

II 

tr 

0.0113 

IT-2 


If 


ft 


If 


0.0123 


TABLE  A-3  -  REGRESSION  RATES  OF  COMPARISON  SPECIMENS 


On  this  basis,  the  specimens  from  two  different  sources  were  Judged  to 
he  indistinguishable,  within  the  reproducibility  of  the  experiments. 

Later  in  the  present  program,  specimens  from  O.N.E.R.A.  were 
pyrolyzed  with  coincident  rate  and  surface  temperature  measurements. 
These  resvits  were  found,  within  the  scatter  of  collected  pyrolysis 
data,  to  be  indistinguishable  from  the  results  obtained  from  in-house 
pressings  by  either  the  "wet"  or  "dry-pressing"  techniques.  At  least 
to  the  extent  of  these  various  tests,  then,  specimen  source  and 
pressing  method  were  not  found  to  influence  the  pyrolysis  character¬ 
istics  measured. 
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APPENDIX  B  -  GAS-ROCKET  OPERATING  CHARACTERISTICS 

B.l  General  Description  of  Gas  Rocket 

The  gas-rocket  motor  used  vas  essentially  that  described  earlier 
by  Hansel  (196U).  Ignition  and  (reactant)  gas  supply  systems  were 
modified  slightly  for  convenience,  and  the  "Vycor"  (fused  silica) 
exhaust  duct  used  by  Hansel  vas  replaced  by  one  of  stainless  steel. 

The  system  is  shown  schematically  in  Figure  B-l. 

Nozzle  and  exhaust-duct  details  are  as  follows: 

* 

Minimum  diameter  (in  nozzle  end-plate):  0.080" 

Nozzle  end-plate  thickness:  .38" 

Exhaust-duct  inside  diameter:  .20" 

"  "  outside  "  :  .38" 

"  "  length  :  1.75" 

The  rocket  motor  was  operated  with  CH^  (C,P.  grade)  as  fuel  gas 
and  with  37#  0^  -  II^  (extra  dry  grade)  as  oxidizer  gas.  For  the  most 
part,  the  fuel  supply  pressure  was  varied  between  60  and  170  psig 
with  the  oxidizer  supply  pressure  held  constant  at  11?  nsig.  These 
values  for  the  control  variables  (pressures  and  comoositions)  are 
close  to  those  used  extensively  in  Hansel's  earlier  operation  of  the 
same  motor. 

Owing  to  the  rather  large  supplier's  to] erance  allowed  for  the 

oxidizer  gas  mixtures  (±5#  in  0^  fraction),  rocket  operating  conditions 

were  noticeably  variable  for  given  reactant  suirnly  pressures. 

* with  0,13"  x  U5*3  countersink  at  downstream  end 
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Nozzle  Head 

Plate  Plate 


Ignition  System 


SF  =  Spark  Plug 

SCSI  =  Spark  Coil  § 

Interrupter 

PS  =  0-16  vdc,  0-10  a. 

power  supply 


Gas  Bottle 

Valve:  R.= 
i 


regulating 

valve 


s  _  solenoid 
i  valve 


Pressure  Gauges 
(uncalibrated) 


Precision  Pressure 
Gauges  (calibrated) 


*  Subscripts:  "1"  CH^  supply 
"2"  37%  02-N7 

supply 


FIGURE  B-l:  SCHEMATIC  OF  GAS-ROCKET  SYSTEM 


Mai 
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Reproducibility  of  pyrolysis-test  data  was  generally  excellent, 
however,  and  the  relationships  observed  between  pyrolysis  rate  and 
surface  temperature  were  highly  consistent.  A  given  pyrolysis  rate 
and  surface  temperature  were,  however,  observed  for  different  gas 
supply  pressures  from  different  oxidizer  bottles.  This  suggested 
appreciable  composition  variation  as  a  cause  of  the  observed  irrepro- 
ducibility  in  gas-rocket  operating  conditons. 

A  rough  check  of  the  influence  of  oxidizer-gas  composition  showed 
the  following: 

(i)  Judging  from  the  influence  of  mixture  ratio  on  natural 
gas  -air  flames  (Lewis  and  von  Elbe  (1961),  p.  632)  a 
change  in  adiabatic  flame  temperature  of  about  170°C 
may  be  accomplished  by  a  if  change  in  volume  fraction 
of  fuel  gas  (for  slightly  lean  flameB,  6  1/2  to  8  1/2% 
natural  gas), 

(ii)  A  1%  change  in  fuel-gas  fraction  is  approximately 
equivalent  to  a  2%  change  in  0^  fraction;  thus,  a  ±2# 
change  in  0^  composition  might,  reasonably,  lead  to  a 
change  of  about  ±170°C  in  exhaust  Jet  temperature, 

(iii)  A  change  of  ±170°C  in  exhaust  Jet  temperature  corres¬ 
ponds  to  approximately  ±10  psig  change  in  fuel  supply 
pressure,  and 

(iv)  Therefore,  the  fuel  supply  pressure  resulting  in  a 


given  pyrolysis  rate  and  surface  temperature  might 


85*  methane. 
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vary  by  ±10  psig  or  more  depending  on  oxidizer  gas 
composition. 

While  such  variations  are  inconvenient,  they  were  Judged  not  to  be 
prohibitive,  particularly  in  consideration  of  the  great  increase  in 
operating  expense  (ca.  10  times)  which  would  have  been  required  by 
substantially  tighter  tolerances  on  oxidizer-gas  composition. 

It  is  noteworthy  that  errors  in  resetting  gas  supply  pressures 
(notably  that  of  CH^)  can  also  contribute  to  lack  of  reproducibility 
via  mixture  ratio  changes,  even  with  oxidizer  drawn  from  a  single  gas 
bottle  of  fixed  composition.  To  minimize  such  an  inconvenience,  two 
precision  pressure  gauges  (P^,  P,>,  Fig.  B-l)  were  calibrated  to 
within  ±0.25  psi  and  used  for  setting  supply  pressures  during  most 
data  runs  (Run  series  l6  through  21). 

B.2  Exhaust-Jet  Temperature  Measurements 

Exhaust-Jet  temperatures  were  measured  with  various  gas-rocket 
supply  pressures,  and  these  data  are  shown  in  Figure  B-2.  The  meas¬ 
urements  were  taken  using  a  0.005"-diameter,  butt-welded  thermocouple 
(Pt-6/SR/Pt-30^R)  with  the  Junction  on  centerline  and  with  the  axis  of 
the  leads  traversing  the  exhaust  Jet  approximately  2mir  douvnstream 
of  the  exhaust  duct  exit-plane.  The  thermocouple  was  supported  by  an 
insulated  ring  of  2.25"-inside-diameter  which  was  coaxial  with  the 
Jet  axis.  A  high  input-impedance  (2  MR)  potentiometric  recorder 
(Esterline-Angus  Model  T171B)  was  attached  directly  to  the  two 

r — - - - 

Calibrated  before  use  with  a  potentiometer. 


FIGURL  tf-2:  MEASUREJ  GAS-ROCKET  EXHAUST-JET  TEMPERATURES  ya.  FUEL  SUPPLY  PRESSURES 
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thermocouple  leads  which  were  of  about  6”  length;  room  temperature 
served  as  a  suitable  reference-junction  temperature  because  of  the  low 
sensitivity  of  the  thermocouple  at  low  temperatures. 

Radiation  corrections  for  this  thermocouple  were  estimated  for  a 
typical  operating  condition  by  considering  convective  heating  and 
radiative  loss  for  a  cylinder  oriented  normal  to  the  flow  under  the 
following  conditions: 


Jet  velocity: 

1700  ft/sec 

(measured) 

"  temperature : 

3372°R. 

«V 

cylinder  diameter: 

0.005" 

1* 

gas: 

air 

»» 

thermocouple 

emmittance: 

0.18 

(extreme,  Pt-wire) 

with  the  following  results  (McAdams,  (1954); Fig.10.7, p.  ?59) 

Reynolds  No.  =  300 

Nusselt  No.  =9  »  film  coeffic.  =  750  BTU/hr-ft2-°F 

Assuming,  overall  for  the  transverse  cylinder: 

Y  AT  =  £<r  T.\. 

Jet, 

then,  for  the  above  values,  AT  =  T.  .  -  T..  ,  =  50°F  =  ?8°C 

*  Jet  thermocouple 

which  is  sufficiently  small  (for  example,  for  estimating  surface 
heating  rates  of  AP  specimens  because  of  Jet  imningement ) . 

Conduction  lead-losses  were  also  estimated  (for  the  above-cited 
conditions)  by  considering  each  lead  to  the  thermocouple  as  a  cylind¬ 
rical  fin  undergoing  convective  heating  with  the  same  film  coefficient 
as  calculated  above  and  with  its  base  (at  the  Jet  radius)  at  ambient 
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temperature.  The  "standard”  solution  of  this  fin  problem  (Carslav  & 
Jaeger  (19  59  ),  p.  1^*0)  indicated  that,  even  for  t\e  conservative  model 
used, the  tip  of  the  "fin"  vas  negligibly  different  (ca.  0tl°C)  from 
the  Jet  temperature. 

On  these  bases, the  measured  temperatures  were  expected  to  be 
accurate  vithin  approximately  30°C. 

Time  variations  of  Jet  temperatures  were  obvious  during  thermo¬ 
couple  tests.  First,  temperatures  indicated  by  the  thermocouple-re¬ 
corder  system  were  observed  to  fluctuate  substantially,  more  at 
higher  fuel-supply  pressures  (e.g.,  ±20°C  at  ll»00°c)  than  at  lower  ones 
(e.g.  ±5°C  at  850°C).  These  fluctuations  are  possibly  a  result  of 
large-scale  turbulence  generated  in  the  gas  rocket  chamber  due  to  the 
flame  or  due  to  impingement  of  the  oxidizer  And  fuel  injector  Jets. 
Second,  a  moderately  long  heat-up  time  of  the  rocket  vas  evidenced  by 
Jet  temperatures  which  required  1  to  2  minutes  to  stabilize  (within  l£ 
of  final  asymptotic  values).  This  lag  in  achieving  a  steady-state  is 
probably  a  consequence  of  the  heat  capacity  of  the  rocket-motor  chamber, 
nozzle  end-plate,  and  exhaust  duct.  The  reported  values  of  Jet  temp¬ 
erature  are  the  asymptotic  values  either  as  observed  or  as  estimated 
via  short  extrapolations. 

B . 3  Exhaust-Jet  Velocity  Measurements 

Jet  velocities  were  measured  with  various  pas-rocket  supply 
pressures;  data  and  corresponding  results  (including  Peynolds  numbers 
and  Mach  numbers)  are  shown  in  Table  B~l.  For  calculation  of  these 


134 


GAS-ROCKET 
FUEL  SUPPLY 
PRESSURE 

(psi-g) _ 

M. 

Jet 

(°K) 

PL  ■ 
{psig) 

V 

[ft/sec ) 

Jet 

(  -  ) 

Jet 

(  -  ) 

a 

(sec”''") 

[  FLAT-PLATE  PROBE 

160 

1973 

3.81; 

1785 

0.635 

7500 

1.2  x  105 

130 

1883 

3.66 

1700 

o.6i* 

7800 

1.2  x  105 

no 

1673 

3.1*0 

1550 

0.60 

8500 

1.1  x  105 

90 

1273 

3.00 

1270 

0.56 

10,700 

8.6  x  .o'1 

70 

903 

2.1*0^ 

950 

0.1*9 

ll*  ,700 

6.U  x  101* 

50 

523 

1.6U(d) 

600 

0.1;0 

21,300 

Ux  10h 

PITOT-TUBE  PROBE 

no 

1673 

3.76 

NOTES: 

90 

1273 

3.16 

(a)  From  measured  values  (Fig.  B-2) 

(with  short  extrapolations) 

70 

903 

2.U8 

1 

(b)  Based  on 

acoustic  veloc.  of  air 

50 

523 

1.68 

at  T,  , ; 

Keenan  ?nd  Kaye  (19J»8 ) . 

T 

able2 

(c)  Viscosity  data  for 

T.  from  Keenan 

and  Kaye  (191*8)  f  Table  2 

(d)  0.050"-dia.  pressure  tap 

TABLE  B-l 


GAS-ROCKET  EXHAUST-JET  VELOCITIES  (V,  J,  MACH  IIO'S. 

Jet 

(M,  ),  REYNOLDS  NO'S  (Re.  ,  ) ,  AND  STAGNATION-POINT 

VELOCITY-GRADIENTS  (a)  FOR  TYPICAL  OPERATING  CONDITIONS 


(OXIDIZER  SUPPLY  PRESSURE  =  112  psig) 
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quantities,  ambient  pressure  was  assumed  to  be  1^.7  psia.,  and  the 
Jet  density  was  assumed  to  be  that  of  air  as  a  perfect  gas  at  the 
measured  Jet  temperatures  (see  Fig.  B-l). 

Some  measurements  of  Jet  velocity  were  made  using  a  Pitot  tube 
which  had  been  aligned' (visually)  with  the  axis  of  the  Jet.  The  open 
end  of  the  probe  was  located  in  the  exit  plane  of  the  gas-rocket 
exhaust  duct.  The  probe  tip  was  a  l"  length  of  18-gauge  stainless 
steel  hypodermic  tubing,  and  this  had  .been  silver-soldered  into  the 
tapered,  plugged  end  of  an  ell  of  stainless  steel  tubing  of  1/1j"- 
outiide-diameter.  Pressures  were  measured  by  connecting  the  Pitot 
tube  to  a  0-10  psid  variable-reluctance,  diaphragm  pressure-transducer 
(Pace,  Model  P7D)  equipped  with  a  demodulator-indicator  (Pace,  Model 
CD25).  The  output  Jack  (0-10  vdc.)  of  the  latter  was  connected  to  a 
potentiometric  strip-chart  recorder.  The  zero  and  sensitivity  adjust¬ 
ments  of  the  transducer  system  were  set  before  use  by  applying  a 
10-psig  pressure  simultaneously  to  the  system  and  to  a  0-30  psig 
Bourdon-tube  pressure  gauge  which  had  been  checked  earlier  (±0.1  psi) 
against  a  dead-weight  tester  (at  10  psig  increments).  Transducer 
read-out  for  this  step  was  via  a  5-digit  digital  voltmeter  (Hewlett- 
Packard  Model  3M0A  with  Model  3*+MA  Plug-In).  Pitot-tube  measurements 
were  limited  to  fuel- supply  pressures  below  130  psig  since  the  high 
temperatures  at  higher  fuel-supply  pressures  led  to  melting  of  the 
stainless-steel  tip. 

In  order  to  extend  velocity  measurements  beyond  the  high-tempera¬ 
ture  limit  of  the  Pitot-tube  technique,  "flat-plate"  measurements  were 
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taken.  This  was  done  by  impinging  the  gas-rocket  exhaust-jet  onto  a 
flat  plate  of  2"-diameter,  centered  on  and  aligned  with  the  Jet  axis. 
The  plane  of  the  plate  was  3/8"  downstream  of  the  exhaust-duct  exit- 
plane,  the  same  axial  station  as  that  of  the  AP  sample-holder  during 
pyrolysis  testing.  As  a  pressure  tap,  a  hole  of  0.0l6"-diameter  was 
located  at  the  center  of  the  circular  plate.  This  was  done  by  drilling 
a  hole  (No.  78  drill)  of  this  nominal  diameter  in  the  plugged  end  of  a 
length  of  stainless-steel  tubing  of  1/'"  diameter;  the  plugged  end  of 
the  tubing  was  then  inserted  in  a  close-fitting  hole  at  the  center  of 
the  plate.  The  plate  was  faced  with  l/8"-thick  asbestos  mill-board 
facing  mounted  on  a  similar  plate  of  1/8"  stainless  steel  which  had 
been  silver-soldered  to  the  l/1*"  tubing.  The  probe  end  was  finished 
flush  with  the  surface  of  the  asbestos  plate.  The  transducer-indicator 
system  described  above  was  used  for  pressure  measurement  s  with  this 
apparatus . 

As  is  indicated  in  Table  B-l ,  the  Pitot-tube  measurements  were 
consistently  higher  (at  high  fuel  supply  pressures)  then  those  from 
the  centerline  of  the  flat-plate.  The  differences  dynamic  pressures 
did  not  exceed  10£  (implying  5*  disagreement  in  Jet  velocity)  and 
were  deemed  acceptable. 

B.U  Pressure  Distributions  on  Flat  Plate 

Pressure  distributions  across  the  impinging  Jet  were  also  measured 
by  moving  the  fiat  plate  (described  immediately  above)  transversely 
across  the  Jet  while  measuring  the  pressure  at  the  center  tap  of  the 
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plate.  Results  are  shown  in  Figure  B-3  in  which  the  measured  gauge 
uressures  are  shown  non-dimensionalized  with  respect  to  the  centerline 
gauge  pressure. 

Of  particular  note  is  the  fitted  curve,  a  narabola,  as  suggested 
by  the  potential-flow  solution  for  normal  impingement  of  an  infinite 
incompressible  stream  onto  a  flat  plate,  i.e.; 

u  =  a  x 

Apparently,  the  moderate  subsonic  Mach  numbers  involved  allow  this 
incompressible  potential  flow-field  to  describe  the  .let  flow  well  at 
least  for  the  modest  range  of  .jet  velocities  measured.  This  observa¬ 
tion  is  apparently  the  first  such  for  impinging  axisymnetric  jets 

with  high  ratios  of  jet  temperature  to  ambient  temperature  (1.75s T  J 

jet 

T  .5:6.6). 
ambient 

Using  Bernoulli's  equation  to  describe  the  flow  external  to  the 
boundary  layer,  the  data  of  Fig.  B-3  may  be  used  to  determine  a  value 
for  the  parameter  "a"  which  is  the  external-flow  velocity-gradient; 

"a"  is  the  sole  parameter  describing  a  corresponding  potential  flow 
(Schlichting  (I960),  p.  82): 

u  =  a  x 
v  =  -Pay 

where  x  is  measured  outward  from  the  jet  centerline  in  the  radial 
direction  and  y  is  measured  positive  outward  from  the  nlate  surface. 
The  values  of  "a"  determined  from  the  measured  pressure  distri- 


Comfort  et  al,  (l?66)  have  measured  pressure  distributions  for  an 
arc  jet  impinging  on  a  flat  plate,  but  the  reported  pressure  distri¬ 
butions  are  not  notably  parabolic. 


PRESSURE  DISTRIBUTIONS  ON  FLAT  PLATE  NORMAL  TO  IMPINGING-JET  AXIS 
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tuitions  at  the  plate  (see  Table  B-l)  are  higher  by  a  constant  factor 
(1*.25)  than  those  (a*)  which  might  be  predicted  by  attemnting  to  natch 
a  semi -infinite,  stagnation-point  flow  to  the  Jet  configuration. 

This  could  be  done  by  assuming  that  the  Jet  is  simply  a  portion  of  a' 
semi -infinite  potential  flow-field  characterized  by  the  normal  velo¬ 
city,  V  ,  at  the  axial  station  "y  "  ,  the  distance  from  the  plate 
,1  gt) 

to  the  Jet-nozzle  exit  plane,  i.e.: 

a-  =  Ij£L 

?7n 

The  observed  difference  between  a  and  a*  is  especially  oertinent 
because  calculations  of  stagnation-point  heat-transfer  show  a  direct 
dependence  on  the  external-flow  velocity  gradient,  a  (e.g.,  heat  flux 

l/p 

proportional  to  (a)  ;  Reshotko  and  Cohen  (1955)). 

It  should  further  be  noted  that  the  characteristic  dimension  of 
the  region  on  the  flat  plate  within  which  the  ootential-flow  descrip¬ 
tion  appears  useful  is  essentially  invariant  (ca.  8  mm  diameter) 
and  is  approximately  twice  the  size  of  the  AP  specimens  (ca.  3.9  mm.) 
tested  with  the  gas-rocket;  this  characteristic  dimension  is  anpar- 
ently  fixed  by  the  diameter  of  the  exhaust  duct  directing  the  impinging 
flow  at  the  flat  plate  ( U .8  mm  diameter)  but  is  substantially  larger 


than  the  duct  diameter. 
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APPENDIX  C  -  EXPERIMENTAL  AND  ANALYTICAL  CHECKS  ON 
VALIDITY  OF  THE  EXPERIMENTAL  TECHNIQUE 

C.l  Spectral  Scans  During  Pyrolysis 

Figures  C-l  and  C-2  show  spectral  scans  of  omission  from  pyro- 
lyzing  AP  surfaces  and  from  the  blackbody  comparison  source  at  several 
temperatures.  The  scans  were  made  under  conditions  for  which  gas- 
phase  emission  from  the  gas-rocket  exhaust  is  negligible  (see  below). 
Both  scans  show  some  irregularities  as  a  consequence  of  sample  break¬ 
up  during  pyrolysis  and  /or  loss  of  synchronization  between  surface 
regression  and  sample  advance. 

Figure  C-l  shows  the  result  of  a  fast  scan  which  covered  a  band¬ 
width  of  approximately  2  pm  (in  the  neighborhood  of  3. OS  pm)  in 
approximately  150  sec.  C0^  and  H^O  absorption  bands  are  labelled 
in  Fig.  C-l  and  are  apparent  both  in  the  pyrolysis-test  results  and, 
to  a  lesser  extent  (due  to  CO^  and  H^O  in  the  atmosphere),  in 
the  blackbody  spectral  scan.  The  3.05  pm  wavelength  used  radiometri- 
cally  is  labelled.  From  the  results  of  the  lower-speed  scan  (scan 
time  ca.  100  sec.),  it  appears  (Fig.  C-2)  that  emission  from  the 
surface  is  nearly  gray  in  the  neighborhood  of  3.05  pm  and  that  this 
particular  test  indicated  a  brightness  temperature  of  about  513°C. 

C.2  Wavelength  Dependence  of  r  vs.  T^  Data 

Table  J-3  of  Appendix  J  shows  r  vs.  T^  data  labelled  as  to 
which  of  two  different  wavelengths  were  used  radiometrically  to 


WAVELENGTH 


FIGURE  C— 1 :  SPECTRAL  SCAN  (FAST)  OF  SURFACE  EMISSION 
-  DURING  PYROLYSIS 


WAVELENGTH 


FIGURE  C-2:  SPECTRAL  SCAN  (SLOW)  OF  SURFACE 
JUR1HG  PYROLYSIS 
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measure  Tc.  Within  the  scatter  of  the  data,  no  difference  is 

w1 

anparent.  This  suppests,  as  did  the  snectral  scans  durinp  nyrolysis, 
that  the  AP  surface  is  essentially  pray  in  the  repion  of  the  3.05  vm 
absomtio.,  hand  *“or  the  JJHj  +  ion.  This  would  not  ha^e  anneared  to  he 
the  case  if  subsurface  temperature  pradients  and  volumetric  emission 
in  the  surface  layer  were  sipnificant.  Therefore,  these  data  sunnort 
the  assumntion  that,  subsurface  pradients  are  neplipible  on  the  scale  of 
the  small  nhoton  mean-free-path  in  the  solid  near  the  oyrolyzinp 
surface. 

C . 3  Gas-Phase  Emission  Effects 

C.3a  Ends  si _  _fron_  the_  £oiwective-Heatinp__Jet 

Spectral  scans  were  taken  by  alipninp  the  optic  axis  of  the 

spectrometer  transverse  to  the  pas-rocket  exhaust  .let  immediately 

.  ,  ,  ** 
downstream  (?  to  'i  mm/  of  its  exit  from  the  exhaust  duct  .  Fipure 

C-3  shows  the  results  of  scans  at  two  different  oneratinp  conditions, 

one  corresoondinr  to  the  hiphest  repression  rates  and  tervneratures 

measx'red,  the  other  corresnondinp  to  an  intermediate  rate  and  temner- 

ature.  The  stronp,  *t.3-um  absomtion-emission  band  of  CO^  and  the 

*Based  on  AP  transmissivity  data  of  Powlinp  (l^T),  the  photon  mean- 
free-nath  at.  3.05  um  is  on  the  order  of  0.1  urn,  easily  small  enouph  to 
iustify  the  data  observed. 

**These  nreliminary  measurements  from  early  in  the  test  nroprnm  were 
taken  under  sliphtly  different,  pas-rocket  operatinp  conditions  and  with 
a  different  exhaust,  duct  (made  of  -fpsed  silica)  than  were  used  in 
later  pyrolysis  t.estinp. 


WAVELENGTH  (  pn  ) 

FIGURE  C-3:  SPECTRAL  SCATS  OF  GAS-ROCKET  EXHAUST-JET  EMISSION  (Sj)  RELATIVE  TO 
-  EMISSION  FROM  500°C  BLACKBOOY  (S500oc) 
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?.7-ym  band  of  H^O  are  very  obvious,  and  it  is  clear  that  the  latter 
poses  some  threat  to  radiometric  surface  temperature  measurements  at 
3.05  um. 

Table  C-l  shows  quantitatively  the  results  of  measuring  gas-rocket 
exhaust  emission  at  3.05  ym  with  the  same  spectral  slit-width  as  was 
used  in  surface  radiometry.  The  "corrections"  indicated  in  Table  C-l 
are  based  on  measured  emission  from  an  optical  path  length  arising 
from  sighting  transversely  through  the  gas-rocket  exhaust  jet  close  to 
the  exhaust-duct  exit-plane.  Corrections  to  measured  brightness 
temperatures  should  be  made,  on  the  other  nand,  based  on  the  optical 
path  length  through  the  impinging  jet  as  the  spectrometer  views  the 
pyrolyzing  surface  obliquely.  The  relative  sizes  of  these  two  oath 
lengths  denend  on  the  flow  fields  resulting  from  the  impinging  jet; 
the  path  lengths  contributing  to  emission  measured  during  pyrolysis 
testing  might  reasonably  be  either  larger  or  smaller  than  those  for  a 
transverse  view  through  the  jet. 

To  estimate  actual  path  lengths  through  the  impinging  jet,  the 
shane  of  a  (axi symmetric)  potential -flow  streamline  passing  through 
the  outside  diameter  of  the  exhaust  duct  was  calculated,  based  on 
values  of  the  stagnation-point  velocity  gradient  ("a")  as  described 
in  Appendix  B.  With  this  streamline  considered  as  a  jet  boundary, 
the  physical  path  length  through  the  jet  to  the  nyrolyzing  surface 
(with  an  oblique,  65°  line-of-sight)  was  about  5  mm.  This  length  is 
essentially  the  same  as  the  diameter  of  the  jet  viewed  in  collecting 
the  data  of  Table  C-l.  Therefore,  it  can  be  expected  that  "correct- 


GAS-ROCKET  EXHAUST-JET  EMISSION 
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ions"  to  measured  brightness  temperatures  might  be  approximately  as 
shown  in  Table  C-l  (or  less  because  of  peripheral  nixing  and  cooling 
of  the  .let).  These  corrections  are  so  small  as  to  be  neglected  for 
the  present  purposes;  their  influences  on  apparent  activation  energy, 
for  example,  are  within  the  uncertainty  in  this  value  due  to  datR 
scatter. 

A  brief  attempt  was  made,  unsuccessfully,  to  fuel  the  gas  rocket 
with  CO  rather  than  CH^ .  The  aim  was  to  minimize  possible  influence  on 
radiometric  measurements  by  radiation  from  the  2.7  um  Ho0  band. 

C 

Ignition  could  not  be  accomplished  with  dry  CO  and  the  normal  37 r 

0^  -  N,j  oxidizer  gas.  After  provision  for  bubbling  CO  through  H?0 

before  injection  into  the  gas  rocket,  ignition  was  achieved  but  the 

maximum  Jet  temperatures  which  resulted  were  too  low  (ca.  fi00°C)  to 

drive  pyrolysis  at  usefully  high  rates.  It  appeared  that  suitably  high 

Jet  temperatures  would  only  be  likely  with  pure  0^  as  an  oxidizer. 

Use  of  pure  0^  was  Judged  impractical  since  it  would  have  required 

complete  replacement  of  the  oxidizer  supply  system  (which  was  known  to 

* 

be  contaminated  slightly  by  oil  and  therefore,  to  be  hazardous  with 
pure  O^).  The  marginal  value  of  highly-refined  measurements  (see 
Section  V.A)  also  contributed  to  this  decision. 


* 

arising  from  use  of  a  hydraulic  dead-weight  tester  for  pressure-gauge 
calibration. 
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C.3b  Emission  From  Pvrolvsis_  Froductn 
C.3b  (l)  Experimental  Checks 

As  a  rough  check  on  the  extent  of  emission  from  pyrolysis  products, 
a  comparative  measurement  was  made.  With  an  intermediate  regression 
rate  (ca,  0.0?  cm/sec),  a  portion  of  the  sample-holder  plate  immedi¬ 
ately  adjacent  to  the  pyrolyzing  AP  sample  was  imaged  on  the  spectro¬ 
meter  slit  and  the  transient  emission  from  the  plate  (and,  possibly, 
from  pyrolysis  products)  was  recorded  following  gas-rocket  ignition; 
similarly,  after  ignition  with  the  same  gas-rocket  conditions,  emission 
from  the  plate  only  was  measured  (with  a  steel  rod  in  place  of  the  AP 
specimen).  Both  records  included  signal  levels  corresponding  to  the 
brightness  temperature  of  the  AP  surface  under  the  same  gas-rocket 
conditions.  Within  the  reproducibility  of  the  indicated  brightness 
temperatures  (ca.  5°C),  the  two  records  were  indistinguishable, 
showing  virtually  identical  brightness  temperatures  at  that  time  after 
ignition  when  the  test  without  AP  showed  a  brightness  temperature  equal 
to  that  at  the  pyrolyzing  AP  surface.  Several  repetitions  gave  the 
same  result.  This  result  was  taken  to  indicate  that  substantial 
emission  from  pyrolysis  products  over  the  pyrolyzing  surface  was 
unlikely.  However,  it  could  not  be  conclusively  established  that  the 
indistinguishibility  of  the  records  van  not  due  to  simultaneous  and 
counter-balancing  quenching  by  a  somewhat  cooler  plate  and  emission 


from  the  gas-phase 
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C.3b  (2)  Analytical  Checks 

C.3b  (2a)  Model  Allowing  for  AP  Decomposition  Flame 

For  the  sake  of  an  analytical  estimate  of  gas-phase  emission  from 
pyrolysis  products,  a  model  was  considered  which  accounted  for  the 
possible  decomposition  flame  of  the  AP  pyrolysis  products,  NF  and 
HCIO^.  As  a  conservative  estimate  cohering  this  situation,  a  flame 
sheet  was  considered  to  lie  above  the  pyrolyzing  surface.  This  flame 
sheet  was  presumed  to  have  the  temperature  of  the  (adiabatic)  AP  de¬ 
composition  flame  and  to  follow  a  linear  temperature  profile  above  the 
surface.  The  flame  stand-off  distance  was  conservatively  estimated  on 
an  energetics  basis  from  the  surface  heat-flux  required  to  sustain 
sublimation  at  a  rate  equal  to  the  deflagration  rate  of  pure  AP  at  1 
atm.  This  rate  (0.015  cm/sec)  can  be  estimated  by  extrapolating  high- 
pressure  deflagration-rate  data  for  AP  (Friedman  et  al. )  or  by  stabil¬ 
izing  self-deflagration  of  AP  at  1  atm.  by  the  addition  of  an  external 
heat-flux  (Levy  ard  Friedman  (1962),  Hertzberg  '  (1970) ) .  This  rate  is 
included  in  the  midrange  of  the  pyrolysis  rates  measured  during  this 
study. 

Estimating  the  flame  standoff  distance,  Lp,  from  the  heat  flux  at 

the  surface  for  the  AP  flame  (presumably  stabilized  by  a  relatively 

* 


small  external  heat  flux)  : 

k  (t.-Ts) 


Lr  = 


V 


k  (rF  -t8) _ 

[c(Ti-r0)+  Ahlb] 


? - 

Pure  AP  has  not  been  observed  to  burn  without  fuel  at  less  than  about 
20  atm  ambient  pressure  unless  modest  external  heat  fluxes  are  provided 
(Levy  and  Friedman  (1962),  Hertzberg  (1970)). 
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For  k  -  2  x  10"^  cal/cm-sec-°K  (air  at  750°K;  Keenan  &  Kaye  (ipU8)) 


Tp  =  1250  K. 
r  =  0.015  cm/sec 


T  =  750  K. 

O 


p  =  1.95  gm/cui 

c  =  0.3  cal/gm-°K. 


Tq  =  300  K. 


(Hall  and  Pearson  (1967),  Table  21) 


(measured,  this  study,  at  r  =  0.015 
cm/sec) 

(Jacobs  and  Whitehead  (i960)) 


Ah°  .  =  U95  cal/gm  =  58.2  kcal/mole  (Hall  and  Pearson  (IO67), 

sub 


p.  10) 


Then:  Lp  =  70  pm 


Considering  one-dimensional,  monochromatic  radiant  transport  of 
specific  intensity,  ,  in  an  optically-thin,  non-scattering  medium 
of  homogeneous  gas  with  monochromatic  absorption  coefficient,  ic^ , 


(see  Fig.  C-4) : 

'Si&! 


v 

"  '  -  I 

'f!! ‘1 

y=o  y=L 


•T  -  T(y) 


Jx,uF  = 


(c-1) 


Fig.  C-L  -  EMITTING  GAS-LAYER  NEAR  PYR0LYZING  SURFACE 
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Assuming  that,  for  fixed  optics,  a  spectrometer  viewing  at  the  angle  6 


responds  proportionally  to  J,  .the  fractional  error  in  spectrometer 

A  ,  Lp 

reading  arising  from  gas-phase  emission  above  a  surface  or  emittance 


e  and  surface  temperature  T  is: 

25 


Jx.Uf  _ 
e&x(Tsf  cos6 


1  JV  BA[TCy)]  dy 


Bx(Ts) 


(C-2) 


Since  temperature  is  considered  to  vary  in  the  field  of  interest, 
also  varies  spatially.  This  variation  is  a  consequence  of  variations 
both  in  absorption  band  structure  with  temperature  and  in  concentration 
of  emitting  species  with  temperature  (density).  Data  regarding  details 
in  band  structure  variation  are  not  available  for  ITH^,  the  species  of 
interest  here,  and  band  structure  at  ambient  temperature  will  be 
assumed  to  apply;  density  variations  are  accounted  for  via  the  perfect 
gas  law  and  the  partial  pressure  of  above  the  surface: 


i/  _  ~^ref  ^iH» 

Kx  -  K*,«f  —  -p-* 


(C-3) 


ref 


The  reference  state  is  that  for  which  spectral  absorption  data  are 
available  (France  &  Williams  (19$0). 

Substituting  (C-3)  into  (l-2)  and  substituting  B  along  with  the 

A 

assumption  of  a  linear  temperature  profile: 

.  Tr  -TS 


T  =  Ts 


Lg 
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Then,  in  terns  of  T  as  an  indenendent  variable,  (C-2)  becomes: 


f*Tr  (C*  \ 

o  _  _i _ v  i  JrfL  JL  1  exP  1 2£Eii 1 1 

^  Ccose  F  ^  ^  p^J  T  CXp(^)_t 


dT  (C-U) 


where  c^  is  Planck's  second  radiation  constant.  For  the  range  of 

interest  (X  =  3.05  urn,  T_  =  750°K  <  T  ^  T  =  1250°K.),  c  /X  T  »  1  and 

o  r  P 

( C-JU )  nay  be  written,  in  terns  of  : 

t  =  c2At, 


Ct\  1  g^p(-t) 


&  "  i^eVL^TF^  Pref €Xf>(^)jc 


(C-5) 


where  P  —  *  Vtf  L-  -E— 

-  c«e  f--ts  pref 


( eiuasi-optical -thickness ) 


-Ei(-t)  =  f- 
Jt 


is  the  exponential  integral . 

For  NIL  (France  &  Williams  (19^*0  Fig.  37),  k  „  =  .17  cm  ^  at 
3  X ,rei 

o  ** 

T  .  =  300  K.  and  P  .  =  1  atm.  Using  this  value,  assuming 

ref  ref 

*0f  the  sane  order  as  optical  thickness  since  =  T«,  - 

within  a  factor  of  2. 

**This  value  was  checked  within  a  factor  of  2  for  the  spectrometer 
conditions  of  the  present  stucty. 
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p  #  Q 

/pref  =  °*5  i  0  =  ,  and  substituting  the  previously-cited  values 

into  (C-5): 

t  =  0.08 

vhich  justifies  the  optically- thin  assumption.  Then  from  (C-5): 

tyx  =  o.ooU  <<  i. 

This  re  stilt  justifies  neglect  of  Nil  emission  from  the  gas  phase.  It 
should  be  noted  thet  in  all  regards,  excepting  possibly  the  assumption 
of  temperature-invariant  absorption-band  structure,  this  estimate  is 
apparently  conservative,  i.e.,  an  over-estimate  of  .  Finite 
reaction  kinetics,  back-diffusion  of  flame  products  (vhich  should  be 
appreciable,  see  Appendix  D  and  Table  VI-2)  and  heat  transfer  to  the 
flame  from  the  external  flov  vill  all  tend  to  decrease  the  optical 
thickness  below  the  estimated  value  and,  therefore,  decrease  (k  • 

C.3.b(2b)  Model  Neglecting  Gas-Phase  Reaction 

In  order  to  estimate  emission  from  pyrolysis  nro ducts  which  might 
react  at  a  negligible  rate  above  the  pyrolyzing  surface,  it  is  neces¬ 
sary  to  estimate  both  temperature  and  concentration  distributions  in 
the  flow-field  above  the  surface  and  to  proceed  in  a  direction  similar 
to  that  above  (Section  C.3*b(2a)).  The  practical  route  to  such 
estimates  is  necessarily  an  analytical  one  since  the  high-temperature, 
high-velocity  flow-field  involved  is  difficult  to  probe  experimentally 
on  a  sufficiently  small  scale  (boundary-layer  thicknesses  of  order  10 
to  100  um  might  be  expected).  Such  an  analytic  attempt  to  estimate 
Surface  composition:  equimolar  !IH^  and  IICIO^. 
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temperature  and  concentration  distributions  is  ,  however,  tenuous 
since  the  detailed  flow  fields  arising  from  impinging  J*-*-'?  (even  with¬ 
out  surface  transpiration)  have  apparently  not  been  investigated. 

Studies  of  the  fluid  mechanics  of  impinging  Jets  have  typically 
focussed  on  essentially  incompressible  flow-fields  and  on  local  heat- 
transfer  coefficients  (Walz  (1Q6U),  Gardon  and  Cabonpue  (1962)).  Two 
works  which  were  not  studied  (Leclerc  (1950),  Schrader  (1961))  deal 
with  velocity  distributions  (Gardon  and  Akfirat  (1965))  and  another 
with  compressible  flow  vith  large  temperature  variations  (Comfort  et_  al. 
(1966)).  The  various  results  have  pointed  almost  exclusively  to  a 
square-root  dependence  of  local  heat-transfer  coefficients  on  Reynolds 
Number  (Walz  (196M),  which  is  a  characteristic  of  laminar  rather 
than  turbulent  flow.  In  addition,  local  maxima  in  heat-transfer 
coefficients  at  radial  locations  approximately  equal  to  the  nozzle 
radius  o?  the  impinging  Jet  have  suggested  that  transition  to  turbu¬ 
lence  occurs  at  such  a  location  and  that  laminar  flow  exists  between 
that  location  and  the  stagnation  point  (Gardon  and  Akfirat  (1965)). 

This  conclusion  is  further  supported  by  the  disappearance  of  such  local 
maxima  at  low  Jet  Reynolds  Number  (Gardon  and  Akfirat  (1965)).  It 
seems  likely,  then,  that  laminar  flow  existed  in  the  present  study. 

The  work  reported  here  was  in  the  same  Reynolds  Number  regime  as  pre¬ 
vious  impinging-Jet  studies  which  evidenced  laminar  flow  and  the  pre¬ 
sent  work  involved  a  sample  diameter  which  was  appreciably  less  than 
the  impinging-Jet  diameter. 

Owing  to  the  lack  of  experimental  or  theoretical  data  on  details 
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of  flow  fields  in  impinging  Jets,  analytic  predictions  of  temperature 
distributions  were  obtained,  from  classic,  stagnation-point  boundary- 
layer  analysis.  While  semi-infinite  external  flow-fields  rather  than 
finite  Jets  are  involved  in  such  an  approach,  this  was  the  only  viable 
approach  to  the  present  problem;  such  approaches  have  proved  useful  in 
correlating  impinging  Jet  data  (Walz  (106U))  and  may  be  expected  to  be 
reasonably  valid  in  the  present  case  for  which  Jet  diameter  exceeds 
that  of  the  impingement  region  of  interest. 

A  laminar  approach  to  the  present  case  is  consistent  with  the 
finding  that,  for  surface  temperatures  and  regression  rates  lower  than 
those  at  which  "inflammation"  sets  in,  laminar  heat  transfer  theory 
is  capable  of  predicting  quite  well  the  heat  flux  required  from  an 
imninging  jet  supporting  sublinative  pyrolysis  (see  Appendix  F). 
Therefore,  for  a  variety  of  reasons,  it  is  reasonable  and  without 
contradiction  to  consider  a  laminar  boundsry-layer  in  attempting  to 
estimate  temperature  and  concentration  distributions  in  the  present 
case. 

While  a  substantial  body  of  literature  is  available  dealing  with 
laminar,  stagnation-point  boundary  layers  in  hypersonic  flow  situations, 
the  only  detailed  boundary-layer  analysis  applicable  to  the  present 
subsonic  case  is  apparently  that  of  Howe  and  Mersman  (1959).  This  work 
deals  with  temperature  and  velocity  distributions,  surface  heat  fluxes, 
etc.  in  homogeneous,  "blown",  and  compressible  laminar  boundary-layers. 
A  numerical  solution  of  appropriate  boundary-layer  equations  allows  for 
temperature-dependent  properties  (viscosity,  thermal  conductivity,  and 
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specific  heat). 

In  the  present  investigation,  low  mass  fractions  of  the  pyrolysis 
products  (NH^,  HCIO^)  in  the  gas-phase  were  expected  (see  Table  IV-2). 
Hence,  Howe  and  Mersman's  assumption  of  a  homogeneous  flow-field  was 
considered  applicable.  Without  detailed  analysis  of  a  multi  component 
flow-field  comparable  with  that  of  the  present  case,  however,  the 
limitations  of  Howe  and  Mersman's  homogeneous  flow- field  assumption 
cannot  readily  be  evaluated.  The  limited  existing  studies  of  such 
multicomponent  boundary  layers  do,  however,  offer  some  encouragement 
that  transpiration  of  heavy  gases  (e.g,,  Xe)  into  lighter  (e.g.,  N^) 
boundary  layers  do  not  for  the  present  purpose  substantially  alter 
velocity,  density,  or  temperature  profiles  (Libby  and  Sepri  (1968)). 
Radiation.  Anal^si_sj_ 

From  (C-2),  considering  the  entire  boundary  layer: 

n  _  Ah  =  _!_  (c-7 ) 

B ,pi)  ecose  BxCQ 

Assuming,  as  previously,  that  k  depends  only  on  the  local  molar 

A 

concentration  of  emitters: 


=  K  Tv?  =  * 


X  ? 

A-"f  frf 


Then,  in  terns  of  < 
temperature  and  pressure: 


determined  from  pure  HH^  at  standard  ("CTD") 
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|^td  T 


STD 


(C-8) 


Assuming  similarity  between  temperature  and  mass  fraction  profiles  and 
that: 


then: 


-  (l  I  4)  XwH*»s 


Te-Ts 


(C-9) 


Substituting  (C-8),  (C-7),  and  the  definition  of  into  (C-7): 

<1  _  J _ u  _L  V  (~ZntT-T'\..jn\Cit  1  J_V7, 

"  T  Ut-T<)  p[  X  \T"T»)Jdy 

Jo 

Then,  if  ®=  (T  -  Tg)/(TE  -  Tg),  ^ 

a* »(/></* a) *  : 


Jjahjfefc 


(C-10) 


Couplinp^c^  Radiation^  With_Flow  Field: 


Howe  apd  Mersman  (1959)  present  tabulated  numerical  results  for 
the  non-dimensional  boundary-layer  temperature  profiles  in  wedge  flows: 

®  *  ®<".  W  V 

where  n  is  the  non-dimensional  distance  from  the  wall  » 

f  is  the  wall  "bloving  parameter"  for  the  wedge-flow  case: 

1/2 

f  =  -  vw>/Uj,(Re)  .  The  Mangier  transformation  provides  scaling  for 
these  profiles  to  the  axi-symmetric  case,  such  that: 
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®  =  ®  (T5  n  .  te/ts>  if-  fs)* 

i.e.  t 

^  ^  ^  axisymmetric  ~  ^  ^  ^vedge^^" 

(f  )  =  _L-  (f  ) 

S  axi-symmetric  ITS  w  vedge. 

Howe  and  Mersman's  results  are  for  five  temper attire  ratios,  T  /T  = 

E  S 

0.25,  0.5,  1.0,  2.0,  and  U.O  and  three  blowing  rates,  f  =  0,-0. 5,-1. 0 

V 

(fg  =  0,-0.577  ,-l„15  ).  For  given  f^  and  T^/T^  then,  these  results  can 
be  used  to  determine  ®  and,  therefore,  to  allow  numerical  integration 
of  (C-10)  to  estimate  the  influence  of  pyrolysis  product  emission. 

In  light  of  the  approximate  nature  of  any  estimate  derivable  for 
the  present  case  from  Howe  and  Mersman's  approach,  only  a  representative 
pyrolysis  situation  was  selected  for  emission  estimation;  a  comprehen¬ 
sive  coverage  of  the  complete  pyrolysis  regime  was  felt  to  be  unwar¬ 
ranted. 

The  external-to-surf ace- temperature  ratio,  T  /T  ,  was  found  to  be 
approximately  two  in  the  midrange  of  the  pyrolysis  test  regime 
(r  =  0.015  cm/sec;  Tg  =  U72°C),  fg,  the  corresponding  (axi-symmetric) 
blowing  parameter,  was  calculated  via: 


for 

with: 


Re  = 


&UEX 


a  =  8.7  x  10  sec”^ 


and  U-e  =  3.X.  (see  Appendix  B) 
(Table  B-l,  Appendix  B) 


*The  numerical  factors  arise  from  the  necessity  of  adapting  Hove  and 
Mersman's  results  for  wedge  flows  to  the  axi-symmetric  case  of  inter¬ 
est.  here. 
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2 

m  =  ^  =  0.03  gn/cn  -sec 

Q  =  1.95  gn/cm^ 

-U 

fa  =  3.5  x  10  gn/cm-sec  (air;  Keenan  and  Kaye  (lQl+8 ) ; 

in  recognition  of  low  surface  concentration  cf  pyrolysis  products,  sec 
Appendix  D) 

The  calculated  value  of  f  is  -0.22  which  is  in  the  range  of  values  for 

D 

which  Howe  and  Mersman  present  tabular  values  of  0.  Therefore,  the 
integral  in  (C-10)  vas  evaluated+  for  T  /Te  =  2.0  and  f  =  0,-0.577, 
and  -1.15  and  the  value  corresponding  to  f_  =-0.22  was  found  bv 

i> 

interpolation: 


€  COS  0  Q 


0.25 


Then,  for: 


e  =  1.0 

e  =  65°, 

*  -3 

y  ar  1.5  x  10  cm. 


and: 


—  1/  v  P  ~H>tp 

~  ^A,WHS  p  T 

*  M.TD  ' 


with: 


»  1 


=  0.17  cm”1  at  1  atm,  300^K  (France  anc 


Williams  (106k)) 

P  =  1.2  atm  (mean  of  distribution  on  surface, 

see  Appendix  B,  Table  B-l) 


+In  the  present  nomenclature,  Howe  and  Mersman' s  results  are  for 
©  ( f?  \  ,  Vt,  ,  ;f/2  ^  )  and  integration  is  with  respect  to  . 
Therefore,  the  values  cited  are  for  the  integral  with  respect  to  \fy>\  , 
divided  by  f5"  . 
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T<,  =  7^5°K  (measured) 

i  =  o[ioJ']«i 

The  implication  is  that  unreacting  NH^  as  a  pyrolysis  product  will 
not  significantly  contribute  radiometrically  to  emission  from  the 
surface*  Even  for  the  conservative  assumption  that  has  its 

maximum  possible  value  (corresponding  to  equimolar  NH^  and  HCIO^  at 
the  surface),  is  negligibly  small. 

In  the  process  of  the  above  calculations,  predicted  thermal 

boundary-layer  thicknesses  were  also  calculated  in  order  to  gain 

physical  insight  into  the  boundary-layer  scale  in  the  situations  of 

interest.  From  Howe  and  Mersman ' s  results,  for  T  /T„  =  2.0: 

h  b 


# 

f 

w 

"IW 

y(@  =0.95) 

(cm) 

0 

k.o 

3.5  x  10"3 

-0.5 

b.l 

U.l  x  10-3 

-i.O 

6.0 

5.2  x  10"3 

* 

wedge-flow  parameters  of  Howe  and  Mersman 

JHt  * 

^axi-symmetric  “  ^  ^  ~  ^^wedge^  ^"3*  ^ 

If 

y 

TABLE  C-2  -  BOUNDARY-LAYER  THICKNESSES  VIA  HOVE  AND  MERSMAN  (1959) 
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APPENDIX  D  -  PARTIAL-PRESSURE?  OF  PYROLYZATE  AT  THE 
SURFACE  AND  CORRESPONDING  VACUUM  SUB- 
LIMATION  RATES 


Estimation  of  gas-phase  compositions  occurring  during  AP  pyrolysis 
seems  to  be  practical  only  if  gas-phase  reactions  are  neglected.  If 
these  reactions  cannot  be  neglected,  partial-pressure  estimates  involve 
detailed  consideration  of  reaction  kinetics,  and  what  reactions  are 
likely  to  be  involved  is  presently  uncertain.  The  kinetics  of  the 
appropriate  reactions  are  even  more  uncertain. 

If  gas-phase  (and  heterogeneous  reactions)  are  neglected,  the 
approach  of  Spalding  (1963)  to  convective  masB  transfer  is  viable  in 
the  case  of  convective  heating  during  pyrolysis.  Assuming  that  all 
mass  transfer  coefficients  and  the  heat  transfer  coefficient  are  equal, 
that  the  gas  mixture  is  ideal  and  its  specific  heat  uniform,  and  that 
the  gas  state  at  the  surface  is  uniform,  then -the  surface  mass  flux 
may  be  expressed  in  terms  of  a  conductance  and  a  driving  force  (Spald¬ 
ing  (1961)): 


The  driving  force,  B,  may  be  expressed,  based  on  the  above  assumptions. 


as 


B  = 

Trs  -  TTr 


(D-2) 


fhere  II  is  any  conserved  property 
Considering  H  as  eas  enthalpy  (h) 
ind  Eq.  (D-2)  as: 


9  = 


=  m 


,  e.g.,  enthaluv  or  mass  fraction. 

,  g  may  be  expressed  from  Eq.  (D-l) 
ha  -  hr 

hE  -  ha 
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or-,  with  the  assumption  of  uniform  specific  heat,  as; 

q  =  rv\  ~  hr 
0  ^Oe-lg) 

However,  hs  “  \  =  %/n  =  c(Tg  -  Tq)  +  Ah°  b,  such  that: 


9 


rri 


(Tc-T0  /c\ 

Te  -Tfi  \  £/ 


(D-3) 


Also,  considering  m^  as  a  conserved  property  (in  an  unreactive  flow 
field): 


9 


Mj,g  - 


(D-M 


Assuming  further,  that  the  transferred  substance  is  effectively  a 

single  species,  "i"  (AP  pyrolyzate),  then  m.  =  1.  Assuming 

i 

further  that  m  =  0,  then,  equating  Eq’s.  (D-3)  and  (D-Ij)  yields: 
i,n 


_ 1 _ 

1  .  Ts  -T0  +  (C  \ 

Te-t 


(D-5) 


Eq.(D-5)  may  be  expressed  in  terms  of  p.  r  ,  the  partial  pressure  of 

1,t> 

species  "i"  at  the  surface,  via: 


Pi>5  =  P  -  2  ^ 

—  fi.s  R-Tg/Mj 
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ft 

i 

Mj 


"  ft,* 
- 


as: 


R£ 

P 


1 


M‘c  V]o  ^  AVi^b/c 
Mj  Te  -  Is 


(D-5) 


+  i 


The  maximum,  vacuum  pyrolysis  rate  of  a  subliming  material  nay  be 
related  to  „hat  rate  observed  under  a  non-zero  partial-pressure  of 
vapor  by  the  relation  (see  Eq.(l-5)): 

rOi)  -  ^ac ft)  (D— 6) 


Therefore,  the  vacuum  sublimation  rate  of  AP  may  be  deduced  from  rates 
measured  under  non-vacuum  conditions  by  combining  Eq.(D-5)  and  Eq. 
(D-6)  as: 


vac’ 


to)  - 


1  - 


(D-7) 


P.  Tg-T*  1-  A^Jc  /? 

‘■HV  s'UJj  Te  -  Ts  +1J 

Extrapolations  of  low-temperature vapor-pressure  data  (Inami  et  al. 

(1963)),  along  with  measured  values  of  T^  and  P  and  with  estimated 

values  of  M  and  c,  are  sufficient  for  estimating  r  from  con- 
J  vac 

vective  heating  pyrolysis  data  (r  T„) . 
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APPENDIX  E  -  STATISTICAL  ANALYSIS  OF  PYROLvSIS  DATA 

E.l  LEAST-SQUARES  LINEAR  REGRESSIONS 

Both  the  data  obtained  during  this  investigation  and  the  published 
data  of  others  were  analyzed  to  determine  kinetic  parameters  (apparent 
activation  energies,  E  ,  and  pre-exponential  factors.  A,)  by  least- 

D 

squares  linear  regression.  The  usual  Arrhenius  form: 

r  =  A  exp  (-Ep/RT  ) 
was  transformed  to  the  linear  form: 

Y  =  a  +  tX  Y  =  In  r 
a  =  In  A 
X  ■:  103/TS, 

and  the  usual  least-squares  regression  of  Y  on  X  was  performed. 

The  original  range  of  X  (lOJ/Tg)  for  each  data  "point"  was  accounted 

for  by  considering  as  X -values  the  arithmetic  means  of  the  maximum  and 

3 

minimum  values  of  10  /T  measured  for  each  pyrolysis  test.  The 

O 

resulting  values  for  E  and  A  are  reported  in  Tables  II-l  and  IV-1 

O 

of  the  text. 

In  addition,  the  data  of  this  investigation  only  were  fitted  by 
least-squares  regressions  allowing  for  other  typical  functional 
(Arrhenius)  forms: 

1  /? 

r  =  (Ts)  exp  t-Eg/RTg) 

and: 

r  =  A(lfs  exp  (-yKTs) 

This  was  accomplished  by  transformations  Y^=ln  [r/(Tg)^^J  and 
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V  In  [r/  Tg]  ,  respectively,,  followed  by  the  usual  least-squares  re- 
gressions  of  Y  on  X  (X  =  10  /Tc).  These  results  are  also  reported 

i.' 

in  Table  IV-1. 

As  was  expected,  the  introduction  of  pre-exponential  powers  of 

Te  had  little  effect  on  the  results.  Graphically,  for  example,  there 

b 

is  no  significant  difference  between  the  numerical  values  of  the  three 
different  functionalities  used;  for  example,  the  three  fitted  lines 
appear  as  the  same  line  on  Fig.  IV-1.  Parametrically,  the  pre-expon¬ 
ential  factors  involving  Tg  decrease  the  least-squares  regression 

coefficients,  E  /R  ,  only  slightly  as  the  power  of  T„  in  the  pre- 

5  b 

exponential  increases.  As  can  be  noted  in  Table  IV-1,  the  resulting 

decreases  in  E  are  too  small  (<  1  kcal/mole)  to  be  kinetically 
b 

significant. 

Confidence  limits  on  the  values  of  E_  determined  from  the  var- 

5 

ious  least-squares  regressions  ware  calculated  by  using  the  Student-t 
te3t  (Goulden  (1952),  p.107).  90£  confidence  limits  on  the  regression 

coefficients  were  transformed  into  limits  on  F  itself.  These 

b 

confidence  limits  are  also  indicated  in  Table  IV-1. 

E.2  DISCONTINUITY  IN  THE  PYROLYSIS  DATA 

A  plot  of  the  r  vs.  T  data  in  Arrhenius  form  suggested  the 
possibility  of  a  small  discontinuity  in  the  observed  trend  at  about 
10^/T_  =  1.37  (T  -  1*60°C ) .  This  possibility  was  tested  statistically 

b  5 

by  calculating  least-squares  regressions  for  sub-sets  of  the  data 
(1r  r  vs,  10  /Tg).  One  subset  consisted  of  the  9  data  points  for 
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1.U87  —  10^/T  —  l,liU6  (°K  ^  x  10^)  t  and  successive  data  subsets 

O 

(based  on  this  subset)  included,  one-by-one,  additional  data  points 

down  to  10  /T  =  1,296.  For  each  of  this  first  series  of  subsets,  a 
b 

least-squares  linear  regression  vas  performed ,  and  for  each,  a  standard 
error  of  estimate  vas  calculated,  A  similar  procedure  was  used  at  the 
other  end  of  the  pyrolysis -data  range  in  T  .  To  a  subset  composed  of 

b 

the  8  data  points  for  1,227  -  10^/T_  —  ] .296,  individual  data  ooints 

s 

for  1.296  ^  10  /T^  ^  1.389  were  successively  added,  creating  a 
second  series  of  subsets.  For  each  of  these  subsets  a  least-squares 
regression  yielded  a  standard  error  of  estimate.  All  the  standard 
errors  of  estimate  calculated  for  both  series  of  subsets  are  plotted 
in  Fig.  F-l  along  with  an  indication  of  the  standard  error  of  estimate 

O 

for  the  whole  data  set  (38  noints)  in  the  range  1.25  ^  10  /Tq  is 
1.1*75. 

The  standard  error  of  estimate  for  the  successive  consideration 

3 

of  the  data  subsets  including  points  at  increasing  values  of  10  /Tc 

O 

shows  a  sudden  increase  in  the  standard  error  of  estimate  in  the 
neighborhood  of  10  /TQ  =  1.37  (see  Fig.  E-l).  This  was  taken  as  an 
indication  of  a  di  continuity  5.n  the  Arrhenius  plot  of  the  data.  As 
the  discontinuity  is  crossed  (in  considering  successively  more  and 
more  data  points),  the  additional  points  considered  (which  lie  at 
10  /T  >  1.37)  are  manifest  as  a  sudden  increase  in  scatter  about 

D 

the  regression  line  and  hence,  as  a  sudden  increase  in  the  calculated 

* 

standard  error  of  estimate  for  each  successive  regression  . 

*The  absence  of  such  an  abrupt  change  upon  considering,  successively, 
data  at  decreasing  values  of  lO^/T,,  is  apparently  a  consequence  of  the 
larger  number  of  data  involved  in  Ihis  process.  As  the  discontinuity 


FIGURE  E-l:  STANDARD  ERRORS  OF  ESTli-lATE  (Se>  ID  Ln  r  FOR  SUBSETS  OF  DATA  WITH 

-  SUCCESSIVELY  INCREASING  (AND  DECREASING)  MAXIMUM  (AND  MINIMUM) 

SURFACE  (BRIGHTNESS)  TEMPERATURES  (WITH  ONE-SIDED  CONFIDENCE  LIMITS) 
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Confidence  limits  on  this  hypothesis  of  a  discontinuity  may  he 

calculated.  These  were  obtained  by  considering  the  standard  error  of 

-3 

estimates  for  all  the  data  noints  as  one  set  and  those  at  10  /T„  < 

b 

1.361*  as  another.  From  these  standard  errors,  corresoonding  standard 

deviations  and  confidence  limits  (one-sided)  were  calculated  based  on 
2 

the  x  -test.  The  confidence  limits  were  then  established,  by  trial 
and  error,  for  the  hypothesis  that  the  two  sets  of  data  were  exclusive. 
This  confidence  limit  for  the  exclusiveness  of  the  two  data  sets  was 
determined  to  be  about  85f.  This  fact  strongly  supports  the  hypothesis 

of  a  discontinuity  in  the  data  at  10'/T  =  1.36  to  1.37  (°K’"1  x  10^). 

b 

In  fact,  the  possibility  of  a  discontinuity  is  enhanced  when  it 
is  realized  that  strictly  the  "standard  error  of  estimated  y",  s 

Ye 

(Goulden  (l?S2)  ,p.l08) ,  ought  to  be  considered  rather  than  the  standard 
error  of  estimate,  s  .  For  the  data  noints  considered  here,  s„  is 
approximately  50*  smaller  than  since: 


ILL  x  (x-x)z 
f  N  (W-l)lJ 


Standard  deviations  based  on  s  ,  rather  than  s  ,  are,  therefore, 
also  approximately  50 *  smaller.  Hence,  the  confidence  level  of  the 
exclusiveness  of  the  two  sets  of  data  is  appreciably  higher  than  the 
85^  value  cited  above.  This  aspect  of  the  analysis  enhances  even 
farther  the  hypothesis  of  a  discontinuity  in  the  data.  New,  higher 


is  crossed  in  "this  direction  (toward  decreased  10"Vtc),  each  additional 
data  point  considered  has  less  onportunity  to  perturb  noticeably  the 
previously  determined  standard  error  of  estimate. 
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confidence  levels  were  not  calculated,  hovever,  because  of  the 
satisfactorily  high  value  already  obtained  by  the  more  conservative 
analysis  based  on  s^  . 

While  they  were  not  used  for  confidence-limit  calculations, 
standard  errors  of  estimated  y  were  calculated  for  the  two  sets  of  data 
referred  to  above, and  the  results  of  these  calculations  are  shown  in 
Figure  E-2.  These  results  reinforce  the  liklihood  of  the  apparent 

O 

discontinuity  at  10  /Tg  =1.36  being  real.  The  bands  around  the  least- 
squares  regression  curves  show  the  limits  of  the  standard  errors  in 
estimated  y.  The  results  for  1.23  1  10  /Tg  ^1.36  and  those  for  the 
whole  test  range  (1.23  -  103/Tg  1  1.U8)  again  do  not  fall  witnin  each 
others  error-bands,  especially  so  near  10  /Tg  =1.36  where  the  apparent 
discontinuity  exists.  It  may,  therefore,  be  inferred  that  the  two  sets 
of  data  do  not  come  from  the  same  statistical  population",  i.e.,  that 
a  discontinuity  does  exist  which  separates  two  different  populations , 
these  having  been  incorrectly  combined  in  statistical  treatment  of  the 
data  set  which  covers  the  whole  test  range  (both  populations  together). 


1,2  1.3  1.36  1.4  1.5 

103/Tb  (°K_1) 


FIGURE  E-2:  LEAST-SQUARES  FITS  TO  DIFFERENT  SETS  OF  PYROLYSIS-RATE 

-  SURFACE  BRIGHTNESS  TEMPERATURE  DATA  SHOWING  ERROR  BANDS 

FOR  "STANDARD  ERRORS  OF  ESTIMATED  Y" 
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APPENDIX  F  -  ESTIMATES  OF  CONVECTIVE  HEAT  FLUX 
DURING  PYROLYSIS 

F.l  ALTERNATIVE  APPROACHES 

Several  different  approaches  might  serve  as  a  basis  for  estimating 
convective  heat-flux  from  an  impinging  hot-gas  jet  to  a  pyrolyzing 
surface.  First,  the  flux  might  be  determined  experimentally  by  im¬ 
pinging  the  jet  on  a  calorimeter  (see,  e.g..  Hansel  (196*0).  In  the 
event  that  pyrolysis  rates  are  high  enough,  the  heat  fluxes  during 
pyrolysis  must  be  deduced  from  such  measured  fluxes  by  accounting  for 
the  influences  on  heat  transfer  of  surface  transpiration  or  "blowing" 
(see,  e.g.,  Anfimov  ( 1966 ) ) .  Second,  analytical  predictions  might  be 
made  based  on  the  various  stagnation -point  heating  analyses  available 
in  the  literature.  While  most  of  these  analyses  do  allow  for  the 
effects  of  surface  transpiration,  many  are  specific  to  hypersonic  flow 
fields.  A  few  such  analyses  are,  however,  either  general  or  have  been 
developed  specifically  for  subsonic  flow  situations  such  as  that  of 
present  interest.  Finally,  existing  empirical  correlations  for  heat 
transfer  from  impinging  jets  (Walz  (196*1))  might  be  used  for  pre¬ 
dicting  heat  fluxes. 

A  stagnation-point  heating  model  was  selected  as  the  most  suitable 
basis  for  estimating  surface  heat-fluxes  in  the  present  situation.  It 
was  felt  that  the  other  alternatives  were  less  promising.  Calorimetry 
was  not  as  appealing  because  of  the  necessity  of  either  calibration 
(which  was  impractical)  or  use  of  a  "standard"  design  (which  was  un- 
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available).  Impinging-jet  correlations  were  judged  as  impractical 
owing  to  the  sparse  data  available,  particularly  for  the  relatively 
small  nozzle-distance/nozzle-diameter  values  used  in  this  study.  In 
this  regard,  it  is  noteworthy  that  impinging  jet  data  have  been,  in  a 
variety  of  cases,  correlated  well  with  stagnation-point  heating 
analysis  (Walz  (196*0). 

Use  of  a  stagnation-point  heating  model  was  supported  by  experi¬ 
mental  measurements  of  pressure  distributions  in  the  jet.  Pressure 
distributions  on  a  flat  plate  upon  which  the  jet  was  impinged  were  of 
the  same  functional  form  as  that  predicted  for  semi-infinite  stagnation- 
point  flow  fields  (see  Appendix  B). 

F.2  STAGNATION-POINT  HEAT-FLUX  ANALYSIS 


Estimates  of  heat  fluxes  for  the  present  case  were  based  on  the 
analysis  and  calculations  of  Reshotko  and  Cohen  (1955),  who  obtained 
similarity  solutions  numerically  for  the  boundary  layer  equations 
appropriate  to  homogeneous,  compressible,  laminar  flow  over  the  forward 
stagnation  point  of  an  axi symmetric  blunt  body. 


Reshotko  and  Cohen's  assumptions  were  considered  critically  before 
using  their  results.  Provision  for  compressibility  in  the  model  was 
deemed  imperative  for  the  present  case  owing  to  the  relatively  large 
temperature  range  present  in  the  flow  field  (TE/Tq  as  large  as  about 
2),  The  laminar  flow  assumption,  which  is  explicit  in  the  model, 
appeared  Justified  on  the  basis  of  the  impinging-jet  literature. 

Studies  of  impinging  jets  indicate  that  boundary-layer  transition  to 
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turbulence  nay  be  expected  to  occur  at  diameters  greater  than  the 
specimen  diameter  used  in  this  study  (for  the  Reynolds  numbers  this 
sxudy,  Re  =  7500  to  21,300);  this  is  primarily  a  consequence  of  the 
strong  favorable  pressure  gradients  inherent  in  jet  impingement  normal 
to  a  flat  plate.  Further  support  of  the  laminar  flow  assumption  is 
implicit  in  the  apparent  success  of  the  model  used  in  estimating  heat- 
fluxes.  The  assumption  of  a  homogeneous  flow- field  was  judged  reason¬ 
able  in  light  of  the  fact  that ,  evaluated  in  appropriate  terms 

("blowing  parameter",  f  ),  transuiration  rates  were  low  enough  (f  <  1) 

w  w 

that  relatively  modest  mole  fractions  of  transpired  gas  (e.g.,  <  0.1) 
would,  bo  expected  within  the  flow  field.  The  disparate  molecular 
weights  and  transport  properties  of  the  transpired-gas  components 
(NH^  and  HCIO^)  and  the  external-flow  gas  (products  rf  combustion  of 
lean  CH^-  37*  O^/N^  m*x^ures)»  therefore,  might  reasonably  be  neglected. 
To  do  otherwise  would  require  massive  numerical  computation  (see,  e.g., 
Libby  and  Sepri  (1968)).  Such  calculations  would  be  of  dubious  value 
because  of  the  inavailibility  of  appropriate  basic  data  for  gaseous 
HCIC^  (Pearson  (ip66),  pp,191-199). 

Using  a  well-known  procedure,  Reshotko  and  Cohen  transformed  the 
two-dimensional  boundary-layer  equations  for  compressible,  laminar  flow 
into  equivalent  equations  for  incompressible  flow  (Stewartson  trans¬ 
formation).  A  P.*andtl  number  of  0.7  was  considered  as  was  a  Chapman- 
Rubesin  viscosity  law  (f?ft  =  constant).  Euler  number  was  included 
parametrically  so  that  the  resulting  equations  might  be  applied  dir¬ 
ectly  to  either  "wedge"  flows  or,  by  way  of  the  Tangier  transformation. 
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to  axi symmetric  flows.  The  resulting  equations  were  solved  numerically- 
yielding  plots  of  the  heat-transfer  parameter: 

Mu  _  £  f  3k  Vgi  ^ 

fRk  Vte 


Additional  plots  by  Reshotko  and  Cohen  show  the  results  of  earlier 
work  by  then  and  by  others  as  regards  Prandtl  number  influences  (with¬ 
out  transpiration).  Reshotko  and  Cohen's  earlier  results  have  been 
verified  as  a  limiting  cases  of  other  analyses  (e.g.,  Fay  and  Riddell 
(1958)),  and  therefore,  no  detailed  checks  were  made  on  the  validity 
of  Reshotko  and  Cohen's  numerical  results. 

To  adopt  Reshotko  and  Cohen's  results  to  the  present  case,  the 
following  values  were  used  to  determine  values  for  Nu/  1 /  Re0  : 

D 

(air  (Keenan  and  Kaye  (19^8))  at  measured 

* 

surface  temperatures  ) 

(air  at  measured  stagnation-point  pressures 

* 

and  surface  temperatures  ) 

1/g  (measured  mass  flux  from  surface  +  ) 

Q  (measured.  Appendix  B) 

From  the  heat-transfer  parameter,  heat-fluxes  were  calculated  using, 
additional ly: 


T  (measured,  Appendix  B) 

E 

kc  (air  (Keenan  and  Kaye  (19^8))  at  measured 

b 

*. 

surface  temperatures  ). 

« 

Surface  temperatures  based  on  measured  brightness  temperatures  and 
e  =  0.72. 


The  results  of  these  calculations  are  shown  in  Fig,  IV-5  of  the 

* 

text. 

In  addition  to  results  calculated  "both  with  and  without  transpir¬ 
ation,  results  are  also  indicated  for  the  case  of  transpiration  and 
radiative  as  well  as  convective  heating  of  the  pyrolysis  specimen. 
Estimates  of  the  surface  heat-flux  from  radiation  were  based  on 
conservative  assumptions,  i.e,,  that  the  pyrolyzing  surface  absorbed 
all  radiation  transferred  to  it  from  a  radiator  of  unity  emittance, 
of  diameter  equal  to  the  exhaust  duct  outside  diameter,  and  of  a 
uniform  temperature  equal  to  the  impinging-,] et  temperature: 

qd  =  Fe°  ^TE  "  TS^ 

Values  of  qR  are  apparent  in  Fig.  IV-5  of  the  text  as  differences 
between  the  corresponding  ordinate  values  of  the  lower  two  curves. 

For  the  sake  of  comparison  with  the  results  described  above, 
estimates  were  also  made  for  the  surface  heat-fluxes  required  to 
sustain  simple  sublimation  at  the  pyrolyzing  surface'; 

o  ■  *9  r  'A-V  * 

At  the  various  pyrolysis  rates,  surface  temperature  data  based  on 

O 

€  **  0.72  were  used,  along  with  appropriate  values  for  ^  (1.95  gm/cm3), 
c0  (0.3  cal/gm-°K),  and  Ah°  ,  (58.2  kcal/mole  ♦  117  gm/mole).  The 

D  SUD 

resulting  relation  between  q  and  r  is  also  shown  in  Fig,  IV-5  of 
the  text. 

•Corresponding  values  based  on  surface  brightness  temperatures  are 
approximately  15  to  30%  higher  at  the  highest  and  lovest  temperatures, 
respectively.  Trends  of  the  results  are  essentially  unaltered. 
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APPENDIX  G  -  Pin  FACE  PARTIAL-PRESSURE  ESTIMATES  FOR  POROUS  HOT-PLATE 
PYROLYSIS 


■  Since  the  boundary  conditions  for  neat  and  nass  transport  are 
dissimilar  in  fee  porous  hot-plate  apparatus,  surface  partial -pressures 
may  not  be  deduced  from  mass  and  heat  transport  similarity  (as  is  done 
in  Appendix  D  for  convective  heating  experiments);  surface  conditions 
must  be  determined  by  solution  of  appropriate  mass-transport  equations. 
Simplifying  assumptions  are,  however,  forced  by  the  uncertainty  in 
transport  and  other  properties  and  by  the  lack  of  knowledge  of  the 
appropriate  boundary  conditions  and  details  of  the  (,as-phase  near  the 
pyrolyiing  surface.  Consequently,  order-of-magnitude  accuracy  is  the 
best  that  might  be  expected  from  attempting  to  estimate  surface  part¬ 
ial-pressures  in  the  analytically  cumbersome,  porous-plate  situation. 

Defining  m^  as  the  mass  fraction  of  species  "i"  and  consider¬ 
ing  a  binary  mixture  of  species  "1"  and  "2"  ,  one-dimensional  mass- 
transport  without  chemical  reaction  may  be  described  by: 


J  =  1,2  *  i) 


(G-l) 


Integrating  once  and  applying  the  boundary  conditions: 


A1,S  = 

K  <5  =  0 


(where  subscript  "l"  denotes  the  vaporizing  species  and 


(G-2) 

(G-3) 

'’2"  denotes 


the  Inert  ambient  atmosphere),  then,  at  the  surface 
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^"Du,s(d^)s  = 

-  ^>(a“)3  =  0 

Rearranging  Eq.(G-5}  yields: 

D«,5  /  dmt\ 

^  “  ™2,S  V  d<j 

For  overall  mass  conservation: 

Substituting  Eq.(G-7)  into  Eq.(G-6): 


Combining  Eq's.(G-U)  and  (G-8),  then  yields: 


(G-M 

(G-5) 

(G-6) 

(G— 7 ) 

(G— 8) 

(G-9) 


However,  for  a  binary  mixture  g  =  Dg,  and  therefore, 

Eq.lG-9)  yields: 


YY\ 


1  -  )$ 


(G-10) 


4 
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Defining  a  characteristic  length  for  diffusion,  L  ,  in  terns  of  the 


derivative  in  Eq.  (G-10): 


L  —  I  dm  A 


(G-ii) 


Then,  from  Eq.(G-lO)  and  Eq.(ri-ll),  with  the  assumption  of  perfect  gases: 


m  = 


L  1- 


.  D 


-  -  n  -n  ’ 

*  ^  i-2*L_P< 

f5RTs- 


(G-l?) 


But,  from  Eq's.(l-5)  and  (G-12): 

J22 _  _  i  _  pi,s  _  &RTg  %,* 

"n,r«  Pi ,«a  L  ^vac  1  -  Ml  p 

or:  ^  1  £fcTs 

T\ 

1  Pi.<  ft13* _ ^3_ _ 

L  mva c  _  0.,* 

Mlpi,n  Pi.e» 


1  -  JL*  _ 

R.,ea  L.  mVac.  &  ^ 


(G-13) 


where  mvac  is  the  vacuum  mass-pvrolysis  rate. 

Equation  (G-13)  shows  the  partial  pressure  ratio,  P.  /P 

i»R  i,eq 

(  =  p)  in  terms  of  two  non-dimensional  parameters: 


feP*  =  &  _  %  =  A 

L.  Mi 


(G-lU) 


In  these  terms,  then: 


l  -  -p  =  & 

<~T 
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Rearranging  Eq.(G-l4)  then: 


f  =  y(1  +  $+S  -  V(l^  4  sf  -  4$  )  (0-15) 


which  is  the  basis  for  determining  P.  „  from  known  values  of  P,  , 

i»a  i,eq  * 

*  Ds  ,  L  ,  mvac  ,  Tg  ,  and  .  Strictly  speaking,  both 

6  and  ^  are  functions  of  P^  g  since  s  »  the  gas-mixture  density 

at  the  surface,  depends  on  P.  _  i  rigorous  solution  cf  Eq. (G-15)  for 

i,b 

P  requires  iteration,  therefore.  However,  in  limiting  cases,  i.e., 
1,5 

P.  _  3  P  or  P.  4s  P  ,  <P  e  may  be  well-approximated  by  the 
1,5  i ,eq  *  \  5 

density  of  either  species  "l"  or  "2"  at  the  surface,  respectively. 
For  example,  for  Lieberherr's  low-temperature  porous  hot-plate  results, 
J^>s  was  approximated  by  g  consistent  with  the  ultimate  finding 

pi,s  «  p- 


that 
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APPENDIX  H  -  AMBIENT  FRESSURE  EFFECT F  ON 

FOLID-HOT-PLATE  pyrolysis  experiments 

As  an  aid  to  interpreting  hot-plate  pyrolysis  data  for  AP,  it 
is  useful  to  consider  the  results  of  the  hot— plate  pyrolysis  experi¬ 
ments  on  ammonium  chloride  (NH^cl)  reported  by  Chaiken  et  al,  (1962). 
Unlike  reported  pyrolysis  data  for  the  hot-plate  pyrolysis  of  AP,  the 
data  reported  for  NH^Cl  are  for  both  lov  and  high  ambient  pressures 
(surrounding  the  hot-plate  and  pyrolyzing  specimen). 

Figure  H-l  shows,  as  a  fitted  line,  vacuum  hct-plate  data  for 

10  /T„  <  2.0  (P  =  1  to  2  mm  Hg)  and  data  from  isothermal  vacuum  sub- 

b 

3 

limation  data  for  10  /T  >  ?,0  .  In  addition,  data  points  are  shown 
for  tests  at  1  atm  ambient  pressure;  at  temperatures  approach'' <17  that 
for  sublimative  equilibrium  at  1  atm  (10  /T^) t  these  data  can  be  obser¬ 
ved  to  drop  to  ^yrolysis  rates  less  than  those  in  vacuo  by  an  order  of 
magnitude  or  'ore. 

From  Eq.  (1-5): 

r  =  Ple(TS)  [l  -  Pi/F?.e,(Tt)]  (F-l) 

This  relation  is  a  consequence  of  recondensation  which  opposes 
sublimation  and  thereby  decreases  net  pyrolysis  rates,  r  ,  to  below 

the  rates  observed  in  vacuo,  r  .at  the  same  surface  temperature. 

— -  vac  * 

Assuming  that  ambient  pressure,  P  ,  equals  the  partial  pressure  of 
pyrolyzate  at  the  sarface,  then: 

F?  =  P  (H-2) 

For  the  dissociative  sublimation  of  NE^(Cl,the  Clausius-Clapeyron  relation 
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leads  to  (Eq.  (I-?)): 

f?e^  ~  exp  (-AHs^/ZR-Tg)  (H-3) 

and: 

PL  =  P  ~  exp^AHsoto/gRTvp) 

vheieT^  is  the  temperature  corresponding  to  an  equilibrium  vapor- 
pressure  of  P. 

Therefore: 

-5—  =  exp  Ur  AH^/p.rX  “  t)]  f H— u ) 

Assuming  from  the  fitted  line  of  Fig.  H-l  that  an  Arrhenius  expression 

describes  r  (T_),  then: 
vac  F 

^vac  —  A  exp  (-  Es/R.ls)  (H-5) 

* 

with  A  =  37  cm/sec  and  =  IP. 3  kcal/mole  , 

Then,  for  AH  ^  =  U2.3  kcal/mole  (Chaiken  et_  al .  (1962)),  Eq's. 

(H-l),  (H-U)  and  (H-5)  yield: 

r  =  (37cm/sec)exp(-t2.3/RT,){l-  cxp^-AH5ub /zr\ ~  - ^)]]  (H-6) 

Equation  (H-6)  was  solved  for  r  at  various  T<,  throughout 
the  test  range  shown  in  Figure  H-l,  and  the  results  are  shown  as  the 
dashed  line  of  Fig.  H-l.  The  fit  to  the  experimental  data  for  1  atm 
is  seen  to  be  good. 

It  may  be  concluded  from  these  data  and  calculations  that, 

at  least  for  NH^Cl  pyrolysis,  Ko.(H-l)  is  a  useful  basis  for  correcting 

values  of  r  to  account  for  recondensation.  While  such  reconden- 
vac 

#'  ' 

The  values  cited  by  Chaiken  et_  al_.  (1962)  for  these  parameters  do  not 
appear  to  fit  the  data  well;  the  values  cited  here  were  fitted  anew  to 
the  data. 
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sation  effects  wer£  proposed  qualitatively  by  Chaiken  et  al . ,  they 
apparently  have  not  been  checked  quantitatively  before.  Incidently, 
it  is  seen  (as  expected;  Williams  (1065))  that  need  not  equal 

^^sub  s*nce  ‘  presumably  represents  the  activation  energy  of  some 
rate-controlling  step  of  the  sublimation. 

It  is  useful  to  note  that  the  success  of  the  above  model  of 
recondensation  effects  depends  or.  the  assumption  of  Eq.  (H-?),  i.e.t 
that,  despite  the  large  loading  pressures  (ca.  5  atm)  pushing  the 
specimen  against  the  hot-plate,  sublimation  at  the  specimen  surface 
may  be  considered  as  occurring  at  very  nearly  the  ambient  pressure. 

This  observation  lends  credence  to  the  suggestion  that  similar  tests 
on  AP  (with  ambient  pressures  of  1  to  2  ran  Hg)  represent  essentially 
unc  oosed  sublimation  with  very  little  influence  by  recondensation. 
Unfortunately,  however,  the  indication  that  pressure  at  the  surface  is 
near  ambient  also  suggests  that  various  analyses  of  the  effects  of  a 
gas  film  between  plate  and  specimen  (e.p.,  Chaiken  et  al.  (10&?))  may 
be  poorly  grounded  in  fact;  near-ambient  surface  pressures  would  appear 
most  likely  to  result  from  "channeling"  i.e.,  irregular  erosive  effect", 
of  the  gas  film,  whereas  models  of  the  process  f'rpically  presume 
uniform-thickness  pas  films  (Nachbar  and  Williams  (I9f>3)). 
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APPENDIX  J  -  LINEAR-PYROLYSIS  DATA 


1 


ANDERSEN,  ET  AL.  (1962) 


0.0039 

1.332 

0.028 

1.206 

0.029 

1.292 

0.050 

l.l6l 

0.050 

1.139 

0.057 

1.169 

0.069 

1.195 

0.087 

1.115 

0.099 

1.113 

0.133 

1.096 

COATES  (1965) 


0.0019 

0.001*0 

■jpii'  4/il 

0.0072 

0.013 

1.296 

0.015 

1.280 

0.017 

1.221 

0.019 

1.210 

0.021 

1.190 

0.03li 

1.175 

0.023 

1.170 

0.026 

1.160 

0.035 

1.130 

0.050 

1.115 

*  Location  of  discontinuity  in 

r  XL*  Ts 


LINEAR-PYROLYSIS  DATA 


Series  § 
Run  No's. 


17- 4 
19-4 
19-6 

18- 2 

19- 1 

20- 1 
19-  °C 
19-3 
19-8A 

18- 3 

19- 8BC 

!7-5c 

19-9C 

19-12 

13-2 

18- 4 

19 -  1 1C 
13-3 
18-5 


1.432 

1.409 

1.437 

1.427 

1.412 

1.391 

1.391 


r 

(cm/ sec) 


.0021 
0.0018 
0.0018 
0.0024 
0.0022 
0.0022 
0.0028 
0.0022 
0.0028 
0.0032 
0.0032 
0.0036 
0.0030 
0.0040 
0.0040 
0.0027 
0.0036 
0.0052 
0.0054 
0.0063 
0.0051 
0.0058 
0.0068 


Series  8 
Run  No’s 


103xT! 


12-2 

21-7A 

21-8A 

21-8B 

21-4B 

21-7B 

21-5 

21-6 


1.356 

1.336 

1.334 

1.317 

1.296 

1.296 

1.260 

1.256 

1.256 

1.250 
1.248 
1.236 
1.235 
1.222 
1.241 
1  .,236 

1.251 
1.255 


r 

(cm/sec) 


0.0099 

0.010 

0.010 

0.010 

0.012 

0.012 

0.019 

0.021 

0.022 

0.031 

0.027 

0.039 

0.032 

0.034 

0.040 

0.056 

0.061 

0.064 

0.080 

0.083 

0.087 


Notes:  "Average  of  brightness  temperature  extremes  during  each  run 
aSpecimen  from  O.N.E.R.A 
^Radiometric  wavelength:  3.14ym 
cOxidizer-gas  supply  pressure:  60  psig 


TABLE  J-3:  SUMMARY  OF  PRESENT  AP  LINEAR-PYROLYSIS  DATA 


